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EXECUTIVE SUMMARY

In this annual report to the US Department of Energy, we summarize the results of our
research on stable high conductivity bilayered electrolytes for low temperature solid oxide fuel
cells (Contract # DE-AC26-99FT40712). The report covers our progress in experimentation and
computer modeling, and includes experimental verification of the model.

Initial experimental work focused on optimizing the fabrication of samaria-doped ceria
(SDC) in order to maximize its density and conductivity. This is important because of SDCs
notoriously poor sinterability. We then deposited an erbia stabilized bismuth oxide (ESB) layer
on the SDC substrates using pulsed laser deposition (PLD). Because of the time needed for
deposition, we were able to deposit only very thin (gn2 ESB layers. Evaluation of the
microstructure revealed that the ESB film adhered well to the SDC substrate and interdiffusion
was not detectable. Further, we found that the resistance of the bilayer was in fact less than that
of the SDC alone, confirming at the very least that no lower conducting phase formed at the
bilayer interface.

We have also developed a new oxygen ion conductor based@ndBped with DyO,
and WQ (DyWSB). It exhibits a higher conductivity than that of 20 mol% erbia stabilized
bismuth oxide (20ESB), thus, giving it the highest conductivity of any known solid oxide
electrolyte. Electrical conductivity results of the Dy - W stabilized bismuth oxide system are
presented. The dopants were selected based on their polarizability and its effect on structural
stability and conductivity. At 80C the conductivity of (BiQx),g(DYO; 5)o0d WO53)04 1S 0.57
S/cm (1.5 times as high as that of 20ESB), and atG@i@e conductivity is 0.043 S/cm (2 times
as high as that of 20ESB). Consequently, because its conductivity is even higher than ESB, we
anticipate even better performance than originally predicted when it is incorporated into the
bilayer.

We examined the electrochemical performance of SDC and ESB/SDC bilayer SOFCs as
a function of anode &, under open-circuit conditions (sections 4 and 6). SDC was examined
first (section 4) to establish a suitable baseline for comparison. Our SDC based concentration
cells performed as expected, with a low open-circuit potential (OCP) and effective ionic
transference numbet, () due to electronic conduction. In contrast, results for SOFCs with
bilayered electrolytes (section 6) showed they had higher OCR aralues (approaching unity)
compared to those with a single SDC layer. Further, we confirmed that OGP imcdeased as
the relative thickness of the ESB layer increased, thereby re-confirming the bilayer concept.
Despite this achievement, however, there is still work to be done on optimizing the thickness



ratio of the constituent layers (to achieve maximum performance) and evaluating the closed
circuit performance of the bilayer.

We have also begun work on developing suitable anodes for the bilayers and a technique
for depositing acceptor (samaria or gadolinia) doped ceria on them to form the basis for an anode
supported bilayered SOFC. Investigation into the effect of relative thickness of the bilayers is
further facilitated by electrode supported electrolytes, as fabrication of the bilayer requires some
ingenuity due to the large difference in the sintering temperatures of bismuth oxide and ceria. As
a first step, we report the fabrication and performance of Ni-gadolinium doped ceria (GDC)
anode supported GDC thick film electrolyte, using a colloidal deposition method. Colloidal
deposition has advantages over other techniques for thick film processing in its simplicity, cost-
effectiveness, upscalibility and flexibility (thickness ranging from 10pb@@an be deposited).
Further, under the reducing conditions at the anode doped ceria is a mixed ionic electronic
conductor and hence, the reaction zone will not be restricted to the interface of the anode and the
electrolyte leading to enhanced performance of the anode.

In order to further establish a sound theoretical basis for our approach, we have also
extended, revised and applied our theoretical models for the generation, distribution and
transport of defect in oxide mixed ionic-electronic conductors. For the sake of brevity, the report
omits much of the model development and also focuses primarily (though not exclusively) on
open-circuit conditions. In section 3, a model for defect distribution is developed based on the
usual transport laws for charged species in a concentration gradient. The model is used (along
with earlier models) to show how essential material constants may be obtained from various
experimental data. In section 4, the model was verified through fitting to experimental data
(measured vs. theoretical OCP). In all cases, correlation coefficients (corrected for two degrees
of freedom) greater than 95% were obtained, thus, confirming the validity of the model.

Finally, the bilayer model, presented in an earlier report, was revised and extended to
closed circuit conditions. In the revision, two very disparate approaches were taken and shown
to yield essentially identical results for open-circuit conditions, thereby corroborating the validity
of each. Perhaps of more interest, however, is that the predictions show that low area specific
resistances (ASRs) are achievable using bilayer architecture for fuel cell electrolytes in open-
circuit conditions.

Even more appealing results were obtained when the bilayer was modeled for closed-
circuit conditions. In closed-circuit conditions, electronic species will flow primarily through the
external circuit especially in the presence of the electron-blocking ESB layer. Consequently, the
sole diffusing species inside the electrolyte (in closed-circuit conditions) are oxygen vacancies



and ESB is much less resistive to their transport than SDC. Therefore, the potential drop per unit
length is much larger for SDC than ESB and a thin SDC layer will sustain enough voltage to
protect the sensitive ESB layer. This situation is in contrast to open-circuit conditions where the
diffusing species (oxygen atoms via ambipolar diffusion) is electrically neutral and ESB is the
more resistive layer due to the unavailability (in comparison to SDC) of electronic species.

In closing, both experiment and theory support the viability of stable high conductivity
bilayered electrolytes for low temperature solid oxide fuel cells. More work remains to be done,
but present results demonstrate that we are on the right course.



1. INTRODUCTION

Solid oxide fuel cells (SOFCs) are the future of energy production in America. They
offer great promise as a clean and efficient process for directly converting chemical energy to

electricity while providing significant environmental benefits (they produce negligible
hydrocarbons, CO, or NCand, as a result of their high efficiency, produce about one-third less

COy per kilowatt hour than internal combustion engines).

Unfortunately, the current SOFC technology, based on a stabilized zirconia electrolyte,
must operate in the region of 1000°C to avoid unacceptably high ohmic losses. These high
temperatures demand (a) specialized (expensive) materials for the fuel cell interconnects and
insulation, (b) time to heat up to the operating temperature and (c) energy input to arrive at the
operating temperature. Therefore, if fuel cells could be designed to give a reasonable power
output at low to intermediatedemperatures tremendous benefits may be accrued. At low
temperatures, in particular, it becomes feasible to use ferritic steel for interconnects instead of
expensive and brittle ceramic materials such as those based on,Ld@ ldition, sealing the
fuel cell becomes easier and more reliable; rapid start-up is facilitated; thermal stresses (e.qg.,
those caused by thermal expansion mismatches) are reduced; radiative lo8sbsdoime
minimal; electrode sintering becomes negligible and (due to a smaller thermodynamic penalty)
the SOFC operating cycle (heating from ambient) would be more efficient. Combined, all these
improvements further result in reduced initial and operating costs. The problem is, at lower
temperatures the conductivity of the conventional stabilized zirconia electrolyte decreases to the
point where it cannot supply electrical current efficiently to an external load.

The primary objectives of the proposed research are to develop a stable high conductivity
(> 0.05 S cm! at < 550 °C) electrolyte for lower temperature SOFCs. This objective is
specifically directed toward meeting the lowest (and most difficult) temperature criteria for the
21st Century Fuel Cell Program. Meeting this objective provides a potential for future
transportation applications of SOFCs, where their ability to directly use hydrocarbon fuels could
permit refueling within the existing transportation infrastructure.

In order to meet this objective we are developing a functionally gradient bilayer
electrolyte comprised of bismuth oxide on the air side and ceria on the fuel side. Bismuth oxide
and doped ceria are among the highest ionic conducting electrolytes and in fact bismuth oxide

I'In accordance with current convention, the term "low" is used here to for temperatures < 600 °C while the term
"intermediate" refers to temperatures in the range 500-800 °C.



based electrolytes are the only known solid oxide electrolytes to have an ionic conductivity that
meets the program conductivity goal.

The bilayered electrolyte we are developing consists of a layer of erbia-stabilized bismuth
oxide (ESB) on the oxidizing side and a layer of SDC or GDC on the reducing side. In this
arrangement, the ceria layer protects the bismuth oxide layer from decomposing by shielding it
from very lowP,'s and the ESB layer serves to block electronic flux through the electrolyte.
This arrangement has two significant advantages over the YSZ\SDC bilayers investigated by
others [1, 2]. The first advantage is that SDC is conductive enough to serve as an intermediate
temperature SOFC electrolyte. Moreover, ESB is conductive enough to serve as a low
temperature electrolyte. Consequently, at worst an SDC\ESB bilayered SOFC should have the
conductivity of SDC but with improved efficiency due to the electronic flux barrier provided by
ESB. The second advantage is that small (dopant) concentrations of SDC in ESB or ESB in
SDC, have been found to have conductivities comparable to the host lattice [3, 4]. Therefore, if
solid solutioning occurs at the SDC-ESB interface, it should not be detrimental to the
performance of the bilayer. In contrast, solid solutions of SDC and YSZ have been found to be
significantly less conductive than SDC or YSZ. Thus, it bears emphasizing that, at this time,
only SDC\ESB electrolytes have potential in low temperature SOFC applications.

The primary issue concerning SDC\ESB bilayers, is assessing the stability of ESB in this
arrangement for various fuel cell operating conditions and optimizing the relative thickness of
the SDC and ESB layers so that the oxygen partial pressure at the SDC-ESB interface is high
enough to prevent decomposition of the ESB.open-circuitconditions the stability of ESB
must be determined by calculating (since direct measurement is not presently feasible) the
effective P,, at the interface, which, as shown in Figure 1-1, is a function of the relative
thicknesses of the layers. Ideally, the effective interfa&iabhould not fall below ~ 18 atm.

(i.e., theP, bismuth oxide below which decomposes) for the SDC\ESB bilayer. \dtuied-
circuit conditions one can no longer talk about an effective interfBgjadince the oxygen is no

longer permeating by ambipolar diffusion through the bilayer. Therefore, as shown later, other
indicators of stability must be used.

We have previously demonstrated that this concept works, that a bismuth oxide/ceria
bilayer electrolyte provides near theoretical open circuit potential (OCP) and is stable for 1400 h
of fuel cell operation under both open circuit and maximum power conditions. More recently,
we developed an analytical model to determine the defect transport in this bilayer and have
found that a bilayer comprised primarily of the more conductive component (bismuth oxide) is
stable for 500°C operation.
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In this report, the fabrication and characterization of single-layered electrolytes of SDC,
ESB and bilayered electrolytes of SDC\ESB are presented. Fabrication techniques include
standard ceramic processing with uni-axial pressing and with cold isostatic pressing (CIP).
Characterization techniques include x-ray diffraction, density analysis, scanning electron
microscopy (SEM), x-ray photo-electronic spectroscopy (XPS), energy dispersive spectroscopy
(EDS) and electrical impedance spectroscopy (EIS) and open-circuit potential (OCP)
measurements. The report also contains a (revised) model that was developed to predict the
spatial distribution and transport properties of ionic and mixed ionic-electronic conductors
(MIECs). First, the correctness of the model is verified by fitting it to experimental data for the
OCP of an SDC based SOFC. Then the model is applied to bilayered electrolytes in order to
obtain a relationship between the thickness ratio of the constituent layers of the SDC\ESB bilayer
and interfacial conditions—i.e., an oxygen potentg|, drop (in open circuit conditions) or an
electrical potential drop (in closed-circuit conditions)—for various fuel cell operating conditions.
Finally, the model’s predictions are again compared to experimental results for the OCP of
SDC\ESB bilayered SOFCs.

2. EXPERIMENTAL

Previously, we completed the assembly, calibration and testing of the SOFC apparatus
and a preliminary sintering study. Since then, the sintering study (of particular interest to SDC
fabrication because of its extremely high sintering temperature) has been completed and is
presented in this section. SDC and SDC\ESB samples were also analyzed to ensure that they had
the correct (fluorite) structure, (which also served as an indirect test for the presence of
secondarympurity phases) and the correct chemical composition and a suitable (and acceptably
pore-free) microstructure. Finally, SDC and SDC\ESB samples were characterized for electrical
conductivity via electrical impedance spectroscopy (EIS) and, for the former, the impact of
processing techniques, impurities and microstructure on conductivity was assessed.

2.1 FABRICATION AND CHARACTERIZATION OF SDC AND SDC\ESB BILAYER

2.1.1 Samaria-Doped Ceria (SDC)

SDC powders were calcined at 1100, 1200 and “3@@ 10hrs and sintered at 1485,
1550°C, and 1650C for 15 hrs. The densities of the SDC pellets prepared were found to be
70-98% of the theoretical density depending on the sintering temperature. Figure 2-1 shows the
measured relative densities of SDC samples as a function of axially applied pressure by changing
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Figure 2-1. Effect of axially and isostatically pressing, calcining and sintering temperature, and
binder (P.E.G. 8000) on SDC pellets

sintering temperature, calcination temperature, binder, and the use of cold-isostatic pressing
(CIP). The densityp, of the sintered samples increased with the sintering temperature.
Fabrication of SDC pellets by the solid-state technique required a fairly high temperature of 1600
°C in order to get more than 95% theoretical density. However, sintering at these temperatures is
expensive and makes co-firing doped ceria with other materials difficult due to severe solid-state
reaction and inter-diffusion at those temperatures [5]. Thus, it would be beneficial to fabricate
doped ceria electrolyte at the lowest temperature as possible. To this end, dd@hnc]
demonstrated that the small average particle size of sol-gel prepared green-bodies allows
sintering of SDC samples into highly dense pellets at a significantly lower temperature of
140C°C, versus 160 required for conventionally prepared samples.

Theoretically, denser and/or stronger green-bodies may be obtained through one or a
combination of: increased pressing load, binder (typical organic liquids) reinforcement or
isostatic pressing. All three methods were tested in an attempt to simultaneously increase the
density and lower the sintering temperature of SDC samples.

The uni-axial pressing load was increased systematically for SDC samples, Figure 2-1.
However, it was found that increasing the uni-axial pressing load above 1500 psi causes de-
lamination and end capping—two of the more common defects in die-compacted powders [7].



The binder polyethylene glycol (PEG) 8000 was tried in an attempt to increase the green-
body strength. However, it was found (rather unexpectedly) that after sintering, the densities of
the samples prepared with the PEG binder were lower than those prepared without it. This result
was surprising because the PEG binder had increased the observed strength of the green-body
after compaction (pressing). The reduction in sintered sample density may be attributable to
structural anisotropy introduced by the binder that resulted in voids formation during sintering.

The highest SDC sample densities were achieved with cold-isostatically pressed samples.
Cold-isostatic pressing increased the densities of the sintered samples because the pressing load
is uniform and, consequently, powder movement (which causes de-lamination) is reduced [7].

2.1.2 Erbia-Stabilized Bismuth Oxide (ESB)

Disks of 20 mol.% E,-Bi,O, were fabricated by a solid state reaction. ,CBi
(99.9995% pure) and D, (99.99% pure) powders were obtained from Alfa Aesar. The
powders were mixed and ball-milled with magnesia stabilized zirconia ball media in a Nalgene
jar for 20 hours. The mixed powders were calcined at@dor 16 hours. Agglomerated
powders were ground again using mortar and pestle and pressed into a disk-shaped 1 1/8-inch die
using 5000 psi for OCP measurements and 1/4 inch die using 3000 psi for conductivity
measurements. Polyvinyl alcohol (PVA) and stearic acid mixed with reagent alcohol were added
as a binder and a lubricant respectively. The resulting green bodies were sintered in & at 890
for 16 hours. After sintering, the specimens were polished to acquire even surfaces and desired
thicknesses (1.5 mm and 2 mm for OCP and conductivity experiments respectively).

2.1.3 A New Oxygen lon Conductor: Dy and W Stabilized Bismuth Oxide (DWSB)

The high ionic conductivity 0d-Bi,O, is ascribed both to the large number of oxygen
vacancies and a high anion mobility. The high concentration of oxygen vacancies (25% of the
lattice sites) is a result of obtaining the fluorite structure with®a &ition. The high anion
mobility is related to the high polarizability of the*Biation with its lone pair of electrons [8].

Pure bismuth oxide transforms to monoclinigphase on cooling below 73D. The
cubic phase at high temperature can be stabilized down to room temperature by the additions of
dopants such as isovalent rare earth cations. However, these doped bismuth oxides show lower
conductivity and undergo an order-disorder transition of the oxygen sublattice beld@, 600
which leads to a decay in conductivity (aging effect) [9 - 11]. Our results have shown that the
dopant cations affect the nature of the vacancy arrangement in the oxygen sublattice [9, 12, 13]
and the polarizability of the cation affects the stability of the disordered oxygen sublattice [14].



These results showed that the most polarizable of the lanthanide dopants, Dy, provided
the greatest stability for the disordered anion lattice [14]. Among the potential dopants to
stabilize the fluorite structure of J);, W has the highest polarizability and therefore should also
provide stability for the disordered anion lattice. Moreover, based on the results of Battle et al
[8], the high polarizability of Dy and W should result in a high anion mobility.

Takahashi et al [15] reported that W&abilized BJO, has high conductivity, but the fcc
phase was stable only over a narrow composition range (22 - 28 mol 4\MBGO,). Verkerk
and Burggraaf [16] investigated the phase stability and oxygen ion conductivity ,6f Dy
stabilized BjO,. They found that the cubic structure was stable at low temperatures for the solid
solutions containing 28.5 - 50 % @Y. In both investigations it was found that the highest
conductivity was obtained for the lowest dopant concentration that would stabilize the fcc phase
((BiO; 5) sdWO5),.1, and (BiQ o), 1{DYO; 5)o 089 Therefore, based on the cation ratio the fcc
structure can be stabilized with W at a lower dopant concentration than with Dy. In addition,
studies [17, 18] have shown that the face-centered cubic structure in,@eb8sed solid
solutions can be stabilized down to room temperature with two rare earth oxide dopants with
smaller total dopant concentrations. Since smaller dopant concentrations have higher
conductivity, this results in an increase in conductivity, especially in the lower temperature
regions. Therefore, we tried doping,B8j with both DyO, and WQ (DyWSB), the highly
polarizable dopants, in order to obtain a structurally stable electrolyte with high conductivity.

Disks of DyO; - WO, - Bi,O, were fabricated for conductivity measurements by solid
state reaction. Disks of (BiQ.sErO, )., 20ESB, were also prepared for comparison of
conductivity results. Six compositions were investigated: (Bi@{(DYO; 2o 1dWO3)s .02
(BiO1.5)0.6DYO1 800 WO3)o.0 (Biol.S)O.BQ(DyOl.E)O.OG(WOS)O.OS, and (BiQ g sdDYO1 5)0.17:A WO3),

(where x = 0.05, 0.08, 0.12). The latter 3 compositions with a fixed 17% total dopant content are
12Dy5WSB, 9Dy8WSB and 5Dy12WSB. The former 3 compositions with a total dopant
content between 11-13% are 10Dy3WSB, 8Dy4WSB and 6Dy5WSB.

Powders of BiO, (99.9995% pure), ED, (99.99% pure), DyO, (99.99% pure) and WO
(99.8% pure), from Alfa Aesar, were mixed and ball-milled with zirconia ball media in a high-
density polyethylene bottle for 20 hours. The mixed powders were calcined°& BR0016
hours. Agglomerated powders were ground again using mortar and pestle and pressed into a
disk-shaped 0.635 cm die using 2 ¥ NIn?. Poly vinyl alcohol was used as a binder and
stearic acid mixed with reagent alcohol as a lubricant. The subsequent green bodies were
sintered in air at 89 for 16 hours. Powder X-ray diffraction (XRD) data were obtained at
room temperature for phase analysis. The XRD patterns were obtained usiag&clidgtion
with a nickel filter. All compositions were found to be fcc structure.



After sintering, the specimens were polished to acquire an even surface and the desired
thickness (2 mm). Engelhard gold paste mixed with isopropanol was brushed onto both sides of
the electrolytes, and the organic additives were evaporated 4C 1far 30 minutes.
Subsequently the electrodes were sintered at@@@ 30 minutes. Gold wires (99.95% pure,
DFG) spot-welded with circular gold mesh (99.9% pure, 100 mesh, DFG) were attached to the
cells using Au paste and were sintered again &@@fr 30 minutes.

2.1.4 SDC\ESB Bilayers

Sintered SDC pellets were coated on one face with a thin film of ESB via pulsed laser
deposition (PLD) using a Lambda Physik pulsed excimer laser. For coating, an ESB target was
rotated at 2 RPM, the laser was pulsed at 5Hz at a laser energy of 400mJ, with a substrate
temperature of 70C. Film thickness was measured by elipsometry of films deposited on Si
with identical deposition parameters.

Figure 2-2 shows a linear relationship between film thickness and deposition time for the
growth of an ESB film on a SDC substrate. A key feature of the ESB film is that it should be
pinhole free to block access of the cathode (or cathodic conditions) to SDC. By so doing, the
ESB layer prevents electronic conduction (which occurs in single layer SDC membranes) in the
bilayered membrane. In the present study, the thickness of the ESB film was limitgdhto 2
This limitation was imposed by the long depositions times required (it took several hours each to
evacuate, heat up, deposit and cool down).

The desired structure for SDC and ESB is the fluorite structure. The XRD patterns in
Figure 2-3 show that a fluorite structure was obtained for SDC, ESB and the bilayered ESB\SDC
samples. Although expected, this result also indicates that other phases (arising from reactions
between SDC and ESB at their interface) are not present to any large degree and, by extension,
that PLD is an acceptable way to deposit ESB on an SDC substrate.

Figure 2-4 shows an SEM micrograph of the cross-section of an ESB film (deposited by
PLD) on a dense SDC substrate (i.e., the bilayered ESB\SDC electrolytes). Cross-sectional
views indicate that the film adhered well to the baseline ceria substrate. The chemical
composition of the bilayered ESB\SDC electrolytes was obtained, Figure 2-5, from energy
dispersive analysis (EDS). The SEM in Figure 2-5(a) shows the region that was line-scanned
and Figures 2-5(b) (graph) and 2-5(c) (picture) show the compositional results of the linescan. It
is apparent (at this resolution) in Figure 2-5(b), that neither solid-state reaction nor inter-
diffusion between the phases has occurred. Finally, the EDS spectra, in Figure 2-5(d), of the



SDC\ESB sample cross-section in Figure 2-5(a) shows that any impurity levels are below
detectable limits.
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Figure 2-2. Thin film thickness on SDC substrate as a function of deposition time (pulses)
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Figure 2-4 Cross-section SEM of ESB film on a dense SDC substrate (ESB\SDC bilayer)
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Figure 2-5(a). Line scanned SEM image of SDC\ESB sample.
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Figure 2-5(b). X-ray line-scan of elements of SDC\ESB sample
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Figure 2-5(c). X-ray map of elements in an SDC\ESB sample (corresponding to Figure 2-5(b))
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Figure 2-5(d). EDS spectra of the SDC\ESB sample cross-section.

Figure 2-5. The chemical composition of the bilayered SDC\ESB electrolytes estimated from
EDS by X-ray line-scan and mapping.
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2.2 CONDUCTIVITY OF SDC

2.2.1 Analysis Methods

Electrical impedance spectroscopy (EIS) can be used to measure the bulk, grain-
boundary, and electrode conduction processes by analysis of the consecutive semicircles in the
complex plane. We used this technique to analyze the grain (or bulk) residkgnaad
capacitanceC,, and the grain-boundary resistanéy,, and capacitanceC, for various
temperatures and microstructures. By combining the resistance and capacitance values with
appropriate geometric information from the sample, the corresponding conductiyitesio,,
were derived. This is neither a trivial nor an unambiguous operation, however, and there are
currently two prevailing schools of thought that have produced two distinct methodologies
namely: the geometric method and the capacitance method. Additional information may be
obtained from recent reviews on grain-boundary conductivity and microstructure relations by
Steele [19], Virkaret al [20], Honget al [21], Tian and Chan [22], and Gerhardt and Nowick
[23].

2.2.2 Effect of Processing Parameters on SDC

Sintering temperature and density. The ionic conductivity of SDC electrolytes
sintered under various conditions was investigated and correlated with the resulting
microstructure. Arrhenius plots of the ionic conductivities measured in air are shown in Figures
2-6. The slopes of the Arrhenius plots—obtained by plotting the following equation:

anT=ln0°—ﬂE—)l— (2.1)
kp T

—qive the activation energy,, for transport of the oxygen ion. In Eq. (2.&Y, is a pre-
exponential factork; is Boltzmann's constant aiids temperature

Figure 2-6 shows that variations in the sintering conditions and density of pellets can
change their conductivity by as much as an order of magnitude. In general, the higher densities
correspond to higher ionic conductivities. However, the ionic conductivity of 90% density SDC
(sintered at 155 for 15hrs) is higher than that of 98% density SDC (sintered at’C6fa0
15hrs) in the temperature range 300-&€00 That is, the conductivity increased with sintering
temperature and time for the samples sintered below *C580d decreases at higher sintering
temperatures. These phenomena are discussed in ensuing sections.

13



100

t 3
E .®®
§ 10 m®e¢
M me ¢
= e
= Hoe
i 1 [ :
oy m ¢
2z )
= 01 L
"% °
e "o
) ([}
S oot} b .
°
0.001 L
08 1 12 14 16 18

1000/T (1/K)
Figure 2-6. Total conductivities, in air, of SDC (uni-axial pressing) sam@¢stensity, 97.5%,
sintering temperature, 1630, (®) 89.8%, 1550C, and @) 70%, 1450C.

Cold-isostatic pressing. The effect of CIP on SDC samples can be observed by the
change irE, at 650 °C in Figure 2-7. Figure 2-8 shows that this change was brought about by
reduced grain-boundary resistance, Tox 650 °C. Cold-isostatic pressing promotes grain
growth, which in turn reduces the grain-boundary area (and therefore grain-boundary volume
fraction,V,,). Consequently, the contribution of the grain-boundary to the total conduatiyity,
decreases. The total conductivifg the sum of the grain (bulk) conductivity,, and grain-
boundary conductivityg,, as shown below:

Oy =0V, *+0 (2.2)

whereV, is the grain (bulk) volume fraction. It is evident in Eq. (2.2) that,i® o, (true for
SDC) theno,, increases a¥, decreases. Conversely, above 650 °C, Figure 2-7, the effect of a
smallerV, due to CIP is reduced significantly because differences between the valiijeandf

o’ for g, (lowerE,) anday, (higherE,) dominates at higher temperatures.

2 Itis assumed that G, > 0, and therefore parallel contributions to the total conductivity may be ignored.
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Figure 2-8. Impedance plots for SDC samples at 300®C(P and #) uni-axial pressing.
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2.2.3 Effect of Grain-Boundary Impurities in SDC

For ceramics, conductivity depends primarily on a variety of microstructural parameters,
e.g. grain size and porosity. In particular, grain boundaries have an important effect on the
overall conductivity of most ceramic materials and Oy, 1s affected by factors such as grain size

(discussed earlier) and impurity level, among others.

Impurities, including second phases, introduced by the starting materials or during the
fabrication procedure have a deleterious effectognof SDC [19] because they tend to
accumulate at grain boundaries during sintering. Various studies [19, 24, 25] have shown that
continuous siliceous phases suppress grain growth resulting in small grain-sizes and larger grain-
boundary volume fraction (smaller grain volume fraction). Moreover, these impurities provide a
blocking layer within the grain-boundary system that makes the grain-boundary region less
conductive. Together these effects significantly reduce the ionic conductivity of ceria.

2.2.4 Microstructure

Grain-size distributions were estimated using a linear intercept method. They were found
to vary with sintering temperature in the range ~2 to ~15 um as shown in Table 2-1. Grain-
boundary thicknesses were procured from Christie and Berkel [26] whose data was obtained by
high-resolution electron microscopy (HREM).

It is observed in Table 2-1 that as the sintering temperature increases so does the grain-
size. Since the cations are not mobile until high temperature more than 1500 °C, extensive grain
growth occurs above 1500 °C. In addition, high sintering temperatures are needed to ensure a
homogeneous distribution of dopants in the sample. This concurs with the notion that cation
transport is the limiting step for grain growth [27]. However, low cation mobility in the fluorite
lattice means that cation segregation—formed by temperature gradients—may arise at elevated
temperatures. Accordingly, it was found that changes in the sintering temperature and time can
produce variations in both and bulk and grain-boundary conductivity by more than an order of
magnitude. That is, sintering conditions have a significant effect on SDC conductivity.

Table 2-1 Mean Grain Size by Different Sintering Temperatures.

Sintering temperature (°C) Sintering time (hrs.) Mean grain size (um)
1465 15 1.84
1550 15 4.21
1650 15 15.3
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2.3 CONDUCTIVITY OF ESB AND DWSB

Impedance using the two probe method was measured with a Solartron 1260 over the
frequency range of 0.1 Hz to 1MHz. The frequency response analyzer was interfaced to a
computer, and Zplot software and a nulling technique were employed to remove any artifacts
caused by inductive responses of the test leads and the equipment. The measurements were
taken between 20CQ and 800C in air. The flow rate of air was fixed at 30 sccm. Activation
energies were calculated from plots ofolhj vs. 1/T.

Figure 2-9 shows the impedance spectra for 8Dy4WSB at 200 (a), 300 (b) ah@ 500
(c). The conductivities were calculated from the values of the bulk resistance measured at the
frequency corresponding to the appropriate minima in the complex plots. Both Figure 2-9 (a)
and Figure 2-9 (b) show the typical bulk impedance consisting of a single semicircle, and a
Warberg-type impedance indicating gas diffusion at the electrode. As the temperature increased
(Figure 2-9 (c)), the high frequency semicircle attributable to the bulk resistance could no longer
be resolved. The bulk resistance values were then calculated from the high frequency intercept.

The bulk conductivity results are plotted as logvs. 1000/T (Figure 2-10). The
compositions having 11-13% dopant (10Dy3WSB, 8Dy4WSB and 6Dy5WSB) showed higher
conductivity than 17% dopant le@2Dy5WSB, 9Dy8WSB and 5Dy12WSB). A comparison
of the conductivity of DyWSB and 20ESB is also shown in Figure 2-10. 20ESB is considered in
the literature to have the highest conductivity among the stabdiBagD,'s, with a conductivity
at 800°C, 500°C and 200°C of 0.41, 0.021 and 2.8 x %0S/cm, respectively. The
conductivities of 8Dy4WSB, the highest conductivity composition, at°8@)®00°C and 200
°C are 0.56, 0.043 and 1.4 x“18/cm, respectively, significantly higher than 20ESB, especially
in the lower temperature region.

A change in activation energy for some of the compositions was observed, with a lower
activation energy abovie0’C and a higher activation energy belo®0CC. As the dopant
concentration increases, the disparity between these two activation energies decreases. The
observed disparity dib0C as a function of dopant concentration is a general trend in
stabilized bismuth oxide systems [9]. The activation energy values measured for low and high
temperatures with different compositions are shown in Table 1 and 2. From Table 1 and Figure
2-10, it is clear that the lower dopant content compounds (11-13% dopant) showed two different
conductivity activation energies. On the other hand, the conductivity of 17% dopant level
compositions (Table 2 and Figure 2-10) showed single activation energies, except for
12Dy5WSB that exhibited a slight change in activation energy. This change in activation energy
is attributed to an order-disorder transition of the oxygen sublattice [11, 16]. Those compositions
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with the greatest disparity have the greatest tendency to order at low temperature [9]. This
tendency and the resulting conductivity decay are described in another publication [28].

In Figure 2-11, the conductivity in the WOYy,0O,-Bi,O, system is plotted against the
dopant composition ratio @f/(Xp,+Xy)) content at 500 and 700, respectively. Values from
the literature were used for comparisons at either end of the dopant composition ratio range
(WO, stabilized BjO;and DyO;stabilized BjO,). 12WSB exhibits the highest conductivity
among the phase stable W@ompositions [13]. A thermal hysteresis in conductivity was
observed at high temperature (650 to “TH0for samples containing less than 20 mol% WO
((BiO; 5 sdWO,),,) due to the transformation from the monoclinic to the cubic structure.
Therefore, the conductivity of 12WSB from Takahashi et al [15] is plotted (closed square) in
Figure 2-11.

Verkerk and Burggraaf [16] investigated DySB, in the composition range 5 to 60 mol%
Dy,0,. The cubic phase for DySB containing 28.5 to 50 mol %0Dwas found to be stable
over the temperature of measurement (300 td@p0 The samples with lower D9, content
showed a phase transition from cubic to rhombohedral belowC880d no conductivity data
was available. Therefore, values of 28.5DySB are plotted (closed triangle) on the right axis in
Figure 2-11 to compare with the doubly doped system, rather than comparing with the
concentration range where polyphasic regions appear.

One of the effects of double doping W and Dy is that the cubic structure is stabilized at
dopant concentrations less than that necessary for Dy alone. Thus, the cubic structure was
stabilized at as little as a 11-13% dopant concentration.

At the higher total dopant concentration (17%), intermediate between the dopant
concentration of end compositions from the literature, there appears to be a minimum in
conductivity at %,/(Xp,+Xy) = 0.4 - 0.5 depending on temperature. In contrast, at the lower
total dopant concentration (11-13%), more closely matching the dopant concentration of the W
end composition, there appears to be a maximum in conductivity, 4X¥ +X,,) = 0.5 - 0.6,
depending on temperature. These results indicate the nature of the dopant (W vs. Dy) is as
important as the total dopant concentration and that the effect of double doping on conductivity
is “non ideal.” The observed differences in conductivity dependence on dopant ratio warrants
further investigation.

In summary, the conductivity of D®, and WQ stabilized BjO, was studied. These
cations were selected for their high polarizability in order to achieve a stable disordered anion
lattice and a high mobility. By double doping we were able to obtain compositions (11-17%
dopant) that were cubic, when single dopants would not stabilize the cubic structure at this low
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Figure 2-10. Arrhenius plot of conductivities for 10Dy3WSB, 8Dy4WSB, 6Dy5WSB,
12Dy5WSB, 9Dy8WSB, 5Dy12WSB and 20ESB

Table 1. Conductivity activation energies of 11 — 13% total dopant compaositions

Composition Low Temperature (< 60%C) E, (eV) High Temperature (> 60C) E, (eV)

6Dy5WSB 0.47 0.23
8Dy4WSB 0.47 0.29
10Dy3WSB 0.48 0.19

Table 2. Conductivity activation energies of 17% total dopant compositions

Composition Low Temperature (< 60Q) E, (eV) High Temperature (> 60C) E, (eV)

5Dy12WSB 0.39 0.39
9Dy8WSB 0.34 0.34
12Dy5WSB 0.42 0.34
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of a dopant level. The resultant cubic DyWsBad high conductivity. In particular, the
composition 8Dy4WSB had a conductivity significantly greater than 20ESB, ratimg most
conductive oxide electrolyte currently known

2.4 CONDUCTIVITY OF SDC\ESB BILAYERS

The effectivé conductivities of SDC\ESB sample (ESB film thickness: +® were
measured in air by EIS. Figure 2-12 shows thatettiectiveconductivity of the SDC\ESB
bilayer was higher than that of single layer SDC (fabricated by CIP or uniaxial pressing) for 600
°C < T < 800 °C despite the relative thinness of the ESB layer—6isgeiesg > Ospc(cipy >
Ospcuniaxialy 1 HIS result also suggests that a low conductivity (relative to SDC and ESB) phase is
not formed at the SDC-ESB interface. Nevertheless, because of the thinness of the ESB layer,
the increase in theffectiveconductivity of the bilayer over the SDC single layer is somewhat
surprising and may allude to the formation of a higher conductivity ESB phase in the grain-
boundary area of SDC. This is speculative, however, and requires further research for
confirmation.

The change ik, for the conductivity of the SDC\ESB sample, seen at®00 Figure 2-
12, may be attributed to the order-disorder transition in the oxygen sublattice of ESBGt 600
[29, 30]. We have studied this and the time dependent ageing phenomenon in phase-stabilized
bismuth oxides extensively [29, 30].

Activation energies and pre-exponential factors for SDC and SDC\ESB electrolytes are
listed in Table 2-2 and they are in good agreement with Tian and Chan [22], anceiNgi®])
results [31]. An inspection of Table 2-2 shows that activation energies and pre-exponential
factors obtained by the capacitance method [19 - 23] were larger than those obtained by the
geometric method [19 - 23].

A similar difference between the two methods was observed by Tian and Chan [22]. The
difference between the values of the activation energy and pre-exponential terms, obtained from
the capacitance and geometric methods, most likely arises from the inaccuracy in the assumed
values of grain size and grain-boundary thickness used in the geometric method [19 - 23].

3 Conductivity is an intrinsic material property, independent of sample geometry. Hence a bilayer does not have a
true conductivity. The term effective conductivity is used here to describe a hypothetical material with a
conductivity that is equivalent to the bilayer.
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Table 2-2. Activation energies and pre-exponential factors of various SDC and SDC\ESB
samples.

Sample thickness; (cm) Relative CIP T, Conductivity Activation Pre-
Density °C) Type energy  exponential
(%) (eV) (SK/cm)
SDC (0.172) 97.5 No 1650 Total 0.99(3) 2.0x1C
Bulk 0.85(1) 2.0x 1¢°

Grain (G)* 1.0(11) 25x 10
Grain (C)? 1.7(01) 4. 10°

SDC (0.183) 895 No 1550 Total 0.97(5) xa0
Bulk 0.86(9) 3.0x1C

Grain (G) 1.0(54) 1.5 10°

Grain (C) 1.8(65) 1.0x 10"

SDC (0.145) 700 No 1465 Total 0.97(7) &ad
Bulk 0.75(8)  1.3x10°

Grain (G) 1.0(57) 7.% 10

Grain (C) 1.8(65) 1.0x 10"

SDC (0.171) 90.4 Yes 1550 Total 0.97(0) 6.0x 10°
Total 0.66(5) 2. 10

Bulk 0.77(7)  3.8x10°

Grain (G) 0.98(4) 2.5% 10

Grain (C) 1.7(53) 1.0x 10"

SDC\ESB (0.17\10°) 90.4 Yes 1550 Total 1.0(39) 2.0x 10
Total* 0.66(5) 6.0x 10

Bulk 0.91(8) 5.0¢ 1P

Grain (G) 0.91(3) 8.0x1C’

Grain (C) 1.8(65)  1.& 10"

1. Grain (G): grain-boundary conductivity obtained by using geometrical method.

2. Grain (C): grain-boundary conductivity obtained by using grain and grain-boundary capacitance
3. Total: total conductivity in temperature range between at 300 °C and 500 °C.

4. Total: total conductivity in temperature range between at 500 °C and 800 °C.
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Figure 2-12. Total conductivity, in air, @] SDC (density: 90%, uni-axial pressing, sintered at
1550 °C), @) SDC (90%, CIP, 1550 °C) an#®() SDC\ESB (90%, CIP).

2.5 FABRICATION OF ANODE-SUPPORTED CERIA ELECTROLYTES BY
COLLOIDAL DEPOSITION

Investigation into the effect of relative thickness of ceria-bismuth oxide bilayers can be
facilitated by electrode-supported electrolytes, as fabrication of the bilayers requires some
ingenuity due to the large difference in the sintering temperatures of bismuth oxide and ceria. As
a first step, the fabrication and performance of Ni-gadolinium doped ceria (GDC) anode
supported GDC thick film electrolyte, using a colloidal deposition method is being reported here.
Future work involves depositing doped bismuth oxide layer on the GDC coated anode substrates,
to form anode supported bilayer electrolytes and electrochemical characterizations on them. An
anode supported electrolyte cell was preferred over a cathode supported electrolyte cell as the
anode polarization is, in general, smaller than the cathode polarization. GDC as the ceramic
component in the anode will lead to an enhanced performance, as under the reducing conditions
at the anode GDC is a mixed ionic electronic conductor and the reaction zone will not be
restricted to the interface of the anode and the electrolyte.

Microstructure plays an important role in the performance of the electrodes, as shown in
a recent work by Ohara et al [32]. They studied the performance of Ni-Samaria doped Ceria
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cermet anodes as a function of Ni content and found that aE80& lowest anodic polarization
(~30mV) was achieved for a cermet with a Ni content of around 50vol% at a current density of
300mA/cni. Thus, in this work a NiO-GDC anode was fabricated with Ni content of 50vol%.
Reduction of NiO to Ni was accomplished in situ in the cell, which would generate ~26%
porosity in the structure.

Several techniques have been developed for depositing thick films on substrates from
vapor deposition techniques (CVD/EVD) and pulse laser deposition (PLD) to chemical routes
(sol-gel) among others [33]. However, colloidal deposition has definite advantages over these
techniques in its simplicity, cost-effectiveness, upscability and flexibility (thickness ranging from
10-10Qum can be deposited). Also, exceptional performance has been reported for SOFCs
fabricated from colloidal deposition technique by de Souza et al. usingura fitick YSZ
electrolyte [34].

2.5.1 Experimental

11mol% GDC powder (GDCg=0.64um) from Rhodia and NiO powder from Alfa-
Aesar were mixed and ball milled for 24 hours with Zirconia ball media in Ethanol. The mixed
NiO-GDC powder was pressed uniaxially at pressures of 39.3 MPa to form discs of 1.25 inches
diameter. The green bodies were then pre-sintered at temperatures betW€eto 3AMO0C, to
coarsen the microstructure and to provide strength for further processing steps.

For the colloidal suspensions, 10g of GDC powder was mixed in 100ml of Iso-propyl
alcohol (IPA). Poly-vinyl Butyral (PVB) in ethanol was added to the solution as binder, equal to
5wt% of the oxide powder. The suspension was sonicated in an ultrasonic bath to disperse the
GDC powder, with intermittent stirring. The GDC electrolyte layer was deposited on the pre-
sintered NiO-GDC discs by dip-coating and finally sintered at AGGhd 1650C. Multiple
coating was done to get thicker films.

The pre-sintering and final sintering temperatures were varied to find the optimum
combination at which the densification rate of the GDC film matches with the shrinkage rate of
the NiO-GDC anode substrate. This helps in keeping the film under compression rather than in
tension and hence, avoids the cracking of the film due to stress built up by the 2-D confinement
during sintering.

The diameters of the anode discs were measured after each processing step to calculate
the shrinkage profile. The density of the discs was measured using the Archimedes’s principle.
The coated substrate was characterized by XRD (APD-4720) and SEM (JEOL-6400) techniques.
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The percentage porosity of the GDC films was measured by stereological counting methods
using point probes.

2.5.2 Results and Discussion

The representative microstructures of the ceria film with the anode substrates pre-sintered
at 800C, 85€C, 900C, 1000C, 1100C for 4 hours, and after coating finally sintered at 2600
for 6 hours and 165C for 10 hours are show in Figure 2-13(a)-(e) and Figure 2-14(a)-(e),
respectively. Figure 2-15 shows the shrinkage profile of the NiO-GDC substrate during
sintering. The density of the anode substrate was calculated to be 6.72 gm/cc (~98% of the
theoretical density) after sintering at 1600 Figure 2-16 shows the percentage porosity of the
GDC film under different sintering profiles. The volume fraction of the porosity in the
microstructure is calculated by taking the average fraction of points on a grid, lying on the pores.
Figure 2-17 shows the cross-sectional SEM of the film pre-sintered &€ 9604 hours and
finally sintered at 160 for 6 hours. The thickness of the film was aboytrd@fter 4 coats.

For applications in SOFCs, the electrolyte needs to be highly dense to act as a barrier for
the fuel gases and air. As can be seen from Figure 2-16, varying the pre-sintering temperatures
lead to minima in porosity at 830 for both the final sintering temperatures of 18D@&nd
165CC, with values of 1.38% and 1.48% respectively. Therefore, after pre-sintering’@t 850
the shrinkage rate of the anode matches the densification rate of the film. However, as can be
seen in the Figure 2-14, sintering at 1850eads to coarsening of the microstructure. Both the
grain and pore size increase and become almost the double the size to that sinteretCat 1600
Bigger pore size in the electrolyte microstructure has larger chances of failure in partitioning the
fuel and air atmospheres in comparison. Also, thermodynamic studies on film stability have
shown that, the film thickness should be larger than the grain size of the film [35]. Otherwise,
the film would lower its energy by breaking into isolated islands and exposing the substrate.
Hence, it was decided to work with films pre-sintered af8%nd finally sintered at 1600 for
OCP and I-V measurements. Figure 2-17 shows the cross-sectional SEM of the film pre-sintered
at 850C for 4 hours and finally sintered at 18Q0for 6 hours, after being tested in a fuel cell
for over 200 hours showing the reduced porous anode and the dense Ceria layer.
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(e) 1100°C,4 hrs /1600°C,6 hrs

Figure 2-13 (a)-(e): Representative microstructures of the Ceria film under different sintering
conditions. (Pre-sintering condition /Final Sintering condition)
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(a) 800C,4 hrs /16560C,10 hrs (b) 85%C,4 hrs /1650C,10 hrs

(c) 900C,4 hrs /16560C,10 hrs (d) 100TC,4 hrs /16560C,10 hrs

(e) 1100C,4 hrs /1650C,10 hrs

Figure 2-14 (a)-(e): Representative microstructures of the Ceria film under different sintering
conditions. (Pre-sintering condition/Final Sintering condition).
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Figure 2-16. Porosity in the Ceria film as a function of the pre-sintering and final sintering
temperature of the anode.
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3. ANALYTICAL MODEL FOR DEFECT DISTRIBUTION AND TRANSPORT IN
OPEN-CIRCUIT CONDITIONS

In this section, the@pen-circuit electrochemical performance (i.e., thpen-circuit
potential,®,) of SOFCs is modeled with specific reference to (single layer) SDC-based SOFCs.
The model is evaluated by fitting it to the experimental data presented in the next section (section
4). Previous modeling work used a "thermodynamic approach” to develop equations for defect
concentration dependence Bg, (i.e., defect equilibria). Since then a "transport approach” has
been developed [36] from the fundamental transport laws and is the method presented below.
The approach has proved more versatile in describing transport phenomena and is derived with
fewer assumptions than the previous "thermodynamic approach”.

To lay the groundwork for deriving the model, the definitions of relevant transport
properties and transport laws are given first. Next, the opendt spatial concentration
distribution of defects in an MIEC in an oxygen potential gradient is derived and expressions for
the defect concentration dependencégnare cited from previous work [36]. Expressions for
@, . are then derived from the "thermodynamic approach" (based on earlier work [36]) and the
"transport approach” (based on the work presented here).

Finally, to close this section, the evaluation of the mass action constant for the external
equilibrium reactionK,, and the effect of defect association are explored. The evaluation of this
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important constant is an extension of our previous work [36] and part of an ongoing effort to find
methods through whicK, may be determined accurately. Secondly, we are interested in the
effects defect association may have on the performance of oxide mixed conductors.

3.1 DEFINITIONS AND LAWS

The first transport property of interest is the conductivity oftthepeciesg;, defined as:

D
0, =7 ¢ (3.1)
B

wherez is charge numbeq is the elementary charge on an electkgns Boltzmann’s constant,
T is temperaturd) is diffusivity andc is concentration. The total conductivity,, of the MIEC

is then the sum of all théh conductivities, written as

Gtot = Z 0-i (32)

A related and useful transport property is the transference number of the kth defect
species, t,—k U {1, 2,..., i}, the set of i defects—which is given by:

t, = O = O (3.3)
o

tot Z o-i
T

The relevant transport laws are given in the next three equations. Firstly, the flux density
of the ith species, j; is given by:

j=-Dc- zDellow- Z°d°G f (3.4)

where f'= g/kzT. The electrochemical potential Jf; of the ith defect species is given by

=1 +zFe=kTin¢+ zap (3.5)

where L is the chemical potential and is defined for, electrically charged, defect species as

W =k TIng (3.6a)
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For, electrically neutral, gaseous species p is defined as

M, =kgTIn R, (3.6b)

WherePXE Is the partial pressure of the gas X with stoichiometry, in the standarcstate,

Secondly, the current density, J, is the sum of the current density contributions of each ith
defect species, J;, and given by:

Finally, the material balance for the ith species may be stated as

dc /ot=-0j+ T, (3.8a)

wheret is time and’j, often referred to agroduction is the rate of the formation of thin

species due to homogenous chemical reactions in the bulk (i.e., not at the electrode surfaces). It
is assumed that the system under consideration is at steady stabeij(des 0) and that all

chemical reactions take place at the electrode surface$(re0). Thus, Eq. (3.8a) reduces to:

Oj= 0 (3.8b)

In other wordsj; is independent of position.

By definition [37], theopen-circuitpotential across the fuel celby, is given by

-1 -1 Moz _ L
Goe =32,47 [ ton[Blo, =34 0, ldlin P (3.92)

Hoy,

whereP is oxygen partial pressure, the subscripgt fefers to oxygen vacancies and the
subscripts “0” and “L” refer to conditions on either side of the fuel ced=a andx = L.

Alternatively, if the spatial dependence of the defect species is known, then Eq. (3.9a)
may be written as

oo =120 tor{Obto, /Y X (3.9b)

wherex is the spatial ordinate.
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3.2 DEFECT DISTRIBUTION IN OPEN-CIRCUIT CONDITIONS

Defect transport in open-circuit conditiong—= 0,[¢p = 0 andlc, # 0—is crucially
different, see Figure 3-1, from defect transport in closed-circuit conditidms6-andigp # O.
In closed-circuit conditions the defect mobilities are independent of each other hezdusad
there is a net transport of charge across the MIEC. In open-circuit conditions, halewer,
and there is no net transport of charge across the MIEC. The absence of net charge transport
implies that the charge carrying species must diffuse simultaneously in a ratio that fulfills the
requirement of zero charge transport (i.e., the defect mobilities are no longer independent of each
other). This phenomenon is known as ambipolar diffusion.

Therefore, for an MIEC in open-circuit conditions, Egs. (3.4) and (3.8) reduce to

Ji = Dol (3.10)
and
O q)()c O -
> _
I ext 0
cbapp — ¥oc
LOW,  |HIGH
Po, | _|Fo,
0 L

Figure 3-1. Ambipolar defect flux in an SOFCapen-circuitconditions.
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Oj= - Dyl & O (3.11)

Given the usual boundary conditions—xat 0, ¢j = ¢j, and aix = L, ¢; = ¢, —then the solution of

the second-order differential equation in Eq. (3.11) is

6(9=(g ~¢ )=+, (3.12)

Finally, if the effects of the double layer at the electrode-electrolyte interface may be
ignored, then the boundary values of the defect concentrations are set by a combination of the
charge balance and the defect equilibrium equation that governs the oxide's equilibrium with the
gas phase. The charge balance equation for an acceptorrdgeroxide MIEC, like samaria-
doped ceria or gadolinia-doped ceria, is given by

2,6,+ %G+ % =0 (3.13)

where the subscriptA” and "e" refer to the acceptor dopant and electron respectively. While
the oxide-oxygen gas equilibrium reaction is given by

O o VI +2¢ +10, K =¢&P (3.14)

wherekK, is the mass action constant for the external equilibrium reaction. Egs. (3.13) and (3.14)
constitute a pair of simultaneous equations which can be solved (for the defect concentration
dependence on oxygen partial pressure) numerically [38, 39] or, as we have shown previously
[36], through analytical modeling. From our earlier modeling of the defect concentration
dependence on oxygen partial pressure in ceria and other MIECs [36], we have:

Nlw

c(P=[akP +(2g)] (3.15)

and

o(P= KPP (2 a)] (316
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Through substitution of the oxygen partial pressure values at the bounadari@sa(dx = L) of
an MIEC in a fuel cell setup (see Figure 3-1), the boundary defect concentrefj@ms ¢; ,

may be determined from Egs. (3.15) and (3.16).

3.3 OPEN-CIRCUIT POTENTIAL

From the equations developed (and cited) in the two immediately preceding sections, we
are now ready to obtain expressionsdgy of an SOFC. There are two approaches that may be
used to derive equations o The first combines Egs. (3.1), (3.2), (3.3), (3.6b), (3.9), (3.15)
and (3.16) with the result (singg= 2 andz, = -1):

f@DOC:E & — d|l’:P1 3_lzlmi—ln (‘31+@)Krf|:(’)j+(%CA)z
risepkipt ()] 4R (e +(2a)

3 ot (1~
= f [®, ~In ( +@)K2 P°_1 e CA)g (3.17)

(3 +O)KR* +(3c.)

where®y, is the theoretical (Nernst) potential and

2
o= 20D,

2

(3.18)

i\l
o)

which is a constant dependent on the ratio of the electron diffusityfo the vacancy
diffusivity, D,,.

An alternative approach combines Egs. (3.1), (3.2), (3.3), (3.6a), (3.9b), (3.12) and (3.14)
with the result

__ 14 e 0
fop,, = zvfo cv(x)+®ce(><)§]|nc\’(x)_ %Veg In c( 9 elx

Ce,
C

€

__1H1-70 G, +0¢
z,Fl-220 ¢, +Oc,

~An (3.19)
z

M
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While both expressions fab,, are useful, the latter result should, in principle, be more
accurate since less assumptions were made in it development. Nevertheless, a knowlgdge of
D., andD, are critical for the successful application of either equation and is discussed in the
following section.

3.4 EVALUATING THE MAGNITUDE OF THE EQUILIBRIUM CONSTANT, K,

In this section, the evaluation of the external equilibrium congtaand it relationship
with the diffusivity of ionic and electronic defect species is discussed because of their
importance in predicting the performance of SOFCs. Ultimat€lynust be obtained from

experiments. However, typical conductivity ampen-circuit potentialexperiments measure
properties that depend ¢@ as well as the electron diffusivitipe. Consequently, it is difficult

to separat&, andDe from such measurements without independent knowledge of one of them.

Usually, researchers try to circumvent this problem by using other experimental methods
such as Hebb-Wagner polarization or thermogravimetry. However, these experiments introduce
other problems. Hebb-Wagner polarization experiments, which use blocking electrodes, depend
on the reversibility of electrodes used for the experiment [40, 41]. The assumption of electrode
reversibility, however, is often unjustifiable (especially at low temperatures) and becomes poorer
as current increases (from zero). Conversely, thermogravimetry is, in principle, an excellent way
of determining defect concentration dependence on oxygen partial pressure (fronKwhiph
then be deduced through appropriate methods). However, the small mass variations involved in
non-stoichiometry experiments (with oxide MIECs) push the sensitivity of the equipment used to
(and often beyond) their limits, making this technique at best very difficult and error prone [40].

In an attempt to address these issues, three methods (including thermogravimetry) of
evaluatingK, are examined and compared in this section. Two other methods were discussed in
an earlier report. As will become increasingly clear (if not alreadyksa$, a critical constant
and it is worth the effort to find reliable ways of determining its value accurately.

3.4.1 Estimation ofK, from Thermogravimetry

In principle, the best way to determiig is through thermogravimetric experiments,
which are designed to give the weight change of an MIEC sample (and hence the concentration
of defects) as a function &%, [42]. However, it is usually very difficult to get accurate and
reproducible data from thermogravimetric experiments because of the high sensitivity required to
detect very small changes in the mass of the specimen [38]. Nevertheless, Kotiagihpt3]
recently determined the oxygen/metal atom ratgk(,) for SDC for various temperatures and
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Table 3-1. Calculated valuesI§f for SDC from thermogravimetry data of Kobayashal [43].

ColCcat log P, [In (atm.)] K. (m®atm??) In K, (m°atm?
1.86 -20.5 6.732 x 16 165.390
1.87 -19.5 1.149 x 16 165.925
1.88 -18.75 1.159 x 18 165.934
1.89 -17.55 1.102 x 18 165.883

pressures. Oxygen vacancy concentration is related t/thgratio as follows:

G = Ccat(2 - CO/ Ccat) (320)

and substituting Eq. (3.20) into Eq. (3.15) and rearranging it yields§ for

M\w
Nlw

K =4P

IRENTS

~4P(16) =4 P[u2- ¢/ a)] -4 Pt ©f (3.21)

&M
mIA

Wl

K, is calculated from Eq. (3.21) fog/c., ratios in the range 0.186 to 0.189 at 800 °C where
2.5 x 1#8 m*—SDC lattice constant = 0.544 nm [44]—agd= 0.X_, using Eg. (3.21); the
results are shown in Table 3-1. The values calculateld, fare narrowly distributed and so the
standard deviation of the data set foK|ris 0.263 [In (m®atm?)], which is < 0.2% in the worst
case. The average vafud K, in Table 3-1 is 9.97 x Ibm®atm =,

3.4.2 Estimation ofK, from Open-Circuit Potential

In this section, expressions derived earlier, Eqs. (3.17) and (3.19%)yfaare used to
determineK, from experimental data. Rearranging Eq. (3.17) yields

; _%oc
4 Dy

<= 2%) _ (3.17b)
r 3 —1(1-20c
0 gt
R) 4 L — PL‘Z
pH

which allows direct calculation ¢f,. ConverselyK, must be calculated from Eq. (3.19) through
numerical (e.g., an equation solver) means.

4 The geometric mean and variance were required to calculate the standard deviation in the K- values.
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In principle, either Egs. (3.17) or (3.19) alloWsto be determined from measurements
of © and® for a givenP, andP_. However, Eq. (3.19) has the advantage of being derived

using ci(x), which is an exact solution, Eq. (3.12), of the transport lawgi@n-circuit
conditions) given in section 4.3. Conversely, Eq. (3.17) is derived a¢i)g Egs. (3.15) and
(3.16), which were modeled using (reasonable) simplifying assumptions. In addition, Eq. (3.19)

can be used to determine other external equilibrium constants (i.e., it is not specifiqpo®
fluorites like SDC or GDC) as a function &f (or D¢) for given environmental conditions (e.g.,

P, P, T, etc.).

In calculatingK,, experimental values @b, may need to be corrected for electrode
effects, which alter the true oxygen activity seen by the electrolyte at each interface.
Furthermore, as Steele [19] points out, valueDigrand henc®, are difficult to obtain from

experiment. Moreover, values available in the literature are inconsistent.

Gaodickemeieret al. [45, 46] modeled and evaluated the overpotentials for various

electrodes on a SDC electrolyte. From their data for g,84,{00, cathode and a Ni-
Ce, Cqa 0, ,cermet anode on an SDC electrolyte, valueddgf= 800 mV @gc= 740 mV when

corrected for electrode overpotentials [45, 46]) éqgo= 941 mV forP, = 0.21 atm. an®, = 4 X
1019 atm. at 800 °C were obtained, is calculated for various values ©f from Eqgs. (3.17)
and (3.19), usingorrected(for electrode overpotential) data from Godickemeieal. [45, 46]
and the results are shown in Table 3-2.

Table 3-2 shows that, for a givéh= 1, theK, values calculated using Eq. (3.17) or Eq.
(3.19) are very close. However, ®r< 1 no unique value df, is computable from Eq. (3.19).
Physically, that is a good result since it implies that@az 1 (i.e.,D, < 4D,), the main reason
Dpc < Dy (i.e.,PodPth < 1) is the presence of the ionic defect concentration gradient. Finally,
K, values calculated from Eq. (3.19) are always greater than those from Eq. (3.17). This trend
likely indicates that there is an underestimation of the oxygen vacancy concentration gradient in
Eq. (3.17), since the difference between the values gets smaBeinaseases (i.e., as the effect
of De on®c becomes more significant than the oxygen vacancy concentration gradient).

Two additional features of Eqgs. (3.17) and (3.19) are of particular interest. First, by
rewriting Eq. (3.17) as follows:

0 (-2 O -3(1-%) uj
K (3+ 4'@) K 92 1 q DPL D " |:| |JD 1|:|PL |:| " -1
, = =4 i -p 0 3.22
16¢2 g P s pH ik Hp H ‘O (3.22)

it becomes evident that for given valued'gf, c,, P, andP,, the tern3 is a constant.
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Table 3-2Calculated values 0® andK, for SDC SOFC from theorrected ®yc data of
Godickemeieet al.[45, 46].

from Eq. (3.19) from Eq. (3.17)

© =Dg4D,, K, (matm?) B (atm?) K, (matm?) B (atm?)
0.1 n.a. n.a. 8.7x 10 7.0 x 10"

1 6.6 x 10° 5.3x 10 2.1 x10* 1.7 x 10°

10 8.1 x 1% 6.5 x 10° 5.5x 10? 4.4 x10°
24.4 1.2 x 1% 5.7 x 10° 1 x 102" 4.7 x 10°
26.4 1 x 162 5.6 x 10° 8.5 x 10" 4.7 x 10°
100 6.5x 10 5.2 x 10 6.2 x 10° 5.0x 10°
1000 6.4 x 16 5.1x10 6.3 x 16® 5.0x 10°

TK, calculated from thermogravimetric data of Kobayastl [43], section 4.4.2.

Similarly, for©c, >>c, , ¢, <<c, =c,/2 (typical for SDC or GDC iP = ~0.21 atm. an&, <
~10" atm. [19, 36, 45 - 47]) ar@ >> 1/2 (i.e.D, >> 2D,), Eq. (3.19) becomes:

n S
Oc

C

fap,, =| (3.23a)

Moreover, Egs. (3.13), (3.15) and (3.16) may be substituted into Eq. (3.23a), with the result

B=K,0%; =1R exp f [®,)=constant (3.23Db)

Therefore, from an entirely different approach, Eq. (3.23b) shows that, for adi¢efl is a

(material) constant. Thus, one may deduce from Egs. (3.22) and (3.23b) that, for apnktant
is inversely proportional t®°. This assertion is borne out in the trends evident in Table 3-2.

A second noteworthy feature of Egs. (3.22) and (3.23b) is thap@®t, - 1 (i.e., for
good electrolytesp — 0 (i.e., a very small value). Conversely,das/®m — O (i.e., for poor
electrolytes) Eqg. (3.22shows thaf3i — «. In other words, the suitability of an oxide MIEC as
an electrolyte can be determined from knowledgg afhich combines information on the
reducibility of the MIEC K,), the relative diffusivity of the electronic and ionic defe@sand
the doping leveld,).

> The assumptions made in deriving Eq. (3.19¢) from Eq. (3.19) exclude poor electrolytes. Nevertheless, Eq.
(3.19c¢), still shows that (3 attains its maximum value when @ = 0.
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Additionally, sincef3 is a material constant, it is difficult to separteand® (Dg) In

experiments which measure properties that are dependent on both defect conceliratidn (
ca) and diffusivity @ or Dg) such as conductivity (next section) aopen-circuit potential

(discussed in this section) experiments.

Finally, InK, (In K, = -AG,/ksT, whereAG; is the Gibbs’ free energy associated with the
reaction in Eq. (3.219)doesn’t change much even wh®@nvaries over ~2 orders of magnitude.
From the preceding discussion, this result may indicate that the oxygen exchange process is
limited by the ability of the SDC to produce electrons (i.e., its band gap) rather than the relative
speed (i.e.@) they are supplied to, or consumed from, the interface.

3.4.3 Estimation ofK, from Conductivity Measurements

K, may also be determined from conductivity measurements. This method is very
attractive because electrode effects (typically measured in electrode overpotentials) are
essentially absent and thus (in comparison to the preceding strategy) "corrections" (a la
Gaodickemeieeet al. [45, 46]) are unnecessary. Egs. (3.1), (3.2), (3.15), (3.16) and (2.8) may be
combined to yield, for the total conductivity of SDC.:

Nlw

]
0o =2 faD,(g +O¢) = qfF Q@% K P +(2 g
[

. i 1 3
Moreover, if $K?P* <<(4c,)* then

N
NI

OK

(3

p-

3
2
A)

O =30Z DVCAEH §=%qf25 D, G{1+p P (3.24b)

(g

By fitting Eq. (3.24a) to conductivity data [47], a unique valu®dbr D,) can be found
for anyK, or vice versa. In addition, since a data set is fitted rather than one data point (the case
for ®,. data and Egs. (3.17) and (3.19)) statistical errors are minimized. The results of this
strategy are provided in Table 3-3. In comparison to Table 3-2, Table 3-3 showsHKjigher
values for eacl® (or higher® for a given Kr) and, accordingly, high@wvalues. Because of the

6 In the strictest sense K, should be dimensionless when used for the calculation of AG,. Nonetheless, the analysis
presented remains valid since the additional terms required to make K- dimensionless constitute a constant.
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Table 3-3. Values 0B, K, andf3 calculated from fitting Eq. (3.24) to the SDC conductivity data
of Eguchiet al.[47].

© =D/4D, K, (matm?) In K, (m®atm?) B (atm??)
0.1 1.0 x 10/ 177.3 8.0x 16

1 1.3 x 10° 175.3 1.0x 10

10 2.0x 16 171.1 1.6 x 10
100 2.0x 10 166.5 1.6 x 10
140 10 x 162 165.8 1.6 x 16
1000 2.0x 10 161.9 1.6 x 10

TK, calculated from thermogravimetric data of Kobayastail.[43] in section 4.4.2.

absence of electrode effects and since conductivity measurements are made at equilibrium, the
values of® andK, obtained from conductivity measurements (Table 3-3) may be considered to
be "more correct" than those frofn,, measurements (Table 3-2). Additionally, the loer

values in Table 3-2 may be due to the calculations being made for a &inds, ) coordinate

rather than a range as is the case for the conductivity data, in Table 3-3. As will be demonstrated
in later sections this can have a significant effect on the calculations.

In closing this section, it is worth noting that th@&, values (i.e.RTn K,) calculated (for
a given®) from any of the electrical/electrochemical methods—Eqs. (3.17), (3.19) or

(3.24)—are, given acceptable experimental error, almost the same. This speaks to the utility and
correctness of the strategies employed to calciiat€or K,).

4. OPEN CIRCUIT POTENTIAL AND MODEL VERIFICATION FOR SDC SOFCS

In this section, the electrochemical performance of SOFCs assembled in our laboratory
consisting of SDC electrolytes and porous platinum (Pt) or gold (Au) electrodes with air on the
cathode side of the electrolyte and either CO/@D H,/H,O gas mixture at the anode are
reported (sections 4.1 and 4.2). The model developed in section 3—Eq. (3.19)—is then
evaluated by fitting it to the experimental data presented in section 4.1.

4.1 OPEN CIRCUIT POTENTIAL

Porous Pt electrodes were applied to samples with dea$iy % of the theoretical
density. These samples were used to construct an SOFC of the type;

Po,, PUSDCIPtP.co, (0 By o) (4.1)
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Figure 4-1. Setup of the fuel cell apparatus.

with air as the oxidizing gas and CO/C@ H,/H,O gas mixtures as the reducing g&%, was
then measured with a Keithley 2000 multimeter, as shown in Figure 4-1, for vRggasnd

temperatures and used to calculate the apparent transference riymbdrich is given by

tr, = Do (4.2)
q)’(h

where®,, is the theoretical (Nernst) potential.

EachP,, was set by the mixing ratio of the reducing gasesRthen the oxidizing side
was kept constant). The, of each reducing gas mixture was measured with a zirconia

(automotive) oxygen sensor, placed in series with the SOFC, with (stagnant) air on the reference
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side and the reducing gas combination to be measured on the sensing side. The sensor potential
is taken as equal to the theoretical (Nernst) poterttigl, for the fuel cell since =1 for

on

zirconia. Therefore:

O =, =--In—*+ 4.3
sensor th 4q F% ( )

whereP,_ is theP,, on the oxidizing/air side (at= L) andP, is theP, on the reducing/fuel side

(at x = 0). P, may then be calculated from a knowledge of the sensor potetiahd

temperature. Additional details of the experimental procedure may be obtained elsewhere [48].
Figures 4-2 and 4-3 show the dependenc®phndt’,,, on Py in the temperature range

500°C to 800°C. In Figure 4-3, the experimental error (calculated statistically), irarising
primarily from small, random fluctuations, are represented as error bars. In Figuie 4s&e
Eq. (4.1)) is near theoretical (sensor) liggh P,, and therefore falls on a 45° line. Adw P,

@, begins to deviate due to the onset of electronic conduction. Correspondingly, in Figure 4-3,
t'on Was constant and close to unity in tiigh P,, region and decreased in thav Py, region.

TheP,, for the onset of electronic conduction (it,, < 0.9 forP, < }6”””’) is shown in Table
2

4-1. As expected, the@ . andt’,,, of the SOFCs decreased with increasing temperature as a
result of the diminishing ionic domain of the SDC electrolyte. In Figure ©2as normalized
by the factor nF/RT in order to make the curves more visually distinguishable.
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Figure 4-2. Normalized OCREE/RT) of the SOFCPo,, PUSDC/PL P, (0r Ry, 1,0). @s @

function of (a)P,, and (b) sensor potentiabg).
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4.2 EFFECT OF CATHODE MATERIAL (Au AND Pt)

The electrochemical performance of SOFCs is influenced greatly by the characteristics of
the electrodes. In this work, both Pt and Au electrodes were used in the ceria-based SOFCs. Au
is a notoriously bad electrode material. However, it is a stable (i.e., it does not react with ESB)
material for use as a cathode on the SDC\ESB bilayers. To evaluate the performance of the Au
electrode on SDC electrolytes (and later for comparison with bilayered SDC\ESB electrolytes)
an SOFC was constructed of the following type

Po, AUSDC/PL, P.oico, (0r Py 1, 0) (4.4)

and its®, . values compared with those obtained from the SOFC in Eq. (4.1).

Figure 4-4 shows the, dependence ob,. in the temperature range: 650 £0 < 800
°C and Figures 4-5 and 4-6 show the dependence df,, in the temperature range: 500 £
< 800 °C for the SDC SOFC with the Au cathode. Table 4-1 compares the valBgsabf

whicht',,, drops below 0.9 for SDC SOFCs with Pt and Au cathodes. Godickezheigd5,
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Figure 4-5. Comparison ¢f,, for SOFCs in Egs. (4.1) and (4.4) as a functioRgfat (a) 500
and 550C and (b) 600 and 68Q.
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Figure 4-6. Comparison ¢f,, for SOFCs in Egs. (4.1) and (4.4) as a functioRgfat (a) 700
and 750/C and (b) 80%TC.
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Table 4-1. Oxygen Partial Pressure at whigh= 0.90 for SOFCs in Egs. (4.1) and (4.4).

TemperaturesYC) Po,, Pt cathode (atm.) Po,, Au cathode (atm.)

500 ~ 107 ~ 10"
550 ~10% ~ 10"
600 ~10°%° ~10%°
650 ~10°® ~ 10"
700 ~10° ~10°°
750 ~ 10% ~107°
800 ~ 10 ~10*

46] showed that both Au and Pt electrodes allow for oxygen transport with Au cathodes
exhibiting a higher electrode overpotential than Pt cathodes. This is a consequence of Au being

a poor electro-catalyst. Since Pt is electro-catalytically more active than Au, the chemical
potential difference mg)z - ubz) across the electrolyte of a concentration cell with Pt electrodes

is greater than with Au electrodes; this is shown schematically in Figure 4-7. Accordingly, a
higherd®,. (andt',,)) was obtained for the SDC SOFC that had a Pt rather than a Au cathode.

anode cathode

SDC V\ MOz(air)

LN
N

or
no,(fuel)

Figure 4-7. Schematic representation comparing the effect of electrode overpotential on the
variation of |4, across a SOFC with an Au vs. a Pt cathode.
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4.3 EXPERIMENTAL VERIFICATION OF THE MODEL

In order to verify the accuracy and validity the model developedfp@an-circuit
conditions in section 3.3, Eq. (3.19) is fitted to the experimental data in Figures 4-8 through 4-
14. This was done by adjusting the parameéfeend® (i.e.,D/D,) to maximize the correlation
coefficient,r, (andr , the correctetcorrelation coefficient) [49] between the data and the model
(i.e., to obtain the best fit of the model to the data). Table 4-2 shows the parameters used for
each plot and the correlation coefficients obtained. The high correlation coefficients obtained
and the fact that only twdegrees of freedorare allowed are testament to the ability of the
model to describe the physics relating the material properties of the electrolyte mitearad (
©) to the electrochemical performance of the SOFC.

Figures 4-8 through 4-14 show thatRsdecreases below a critical valge,. becomes

less than®,,. This corresponds to an increase in the electronic conductivity of the electrolyte,
which is attributable to the increasing concentration of electrons on the reducing side of the
electrolyte due to the decreasiRg,. In addition, the deviation of the P, from ®y, starts
progressively later as the temperature decreases which corresponds to a widening of the
electrolytic domain of SDC, a phenomenon reported by other researchers. At 800 °C, @, starts

to deviate from ®y, at ~ 0.3 V while at 500 °C the deviation begins at ~ 0.7 V. This behaviour is

a consequence of the exponential dependence of K, on reciprocal temperature (1/7). Thus, K,

increases and SDC produces electrons more readily (i.e., at a higher Po)) as the operating

temperature increases (see Eq. (3.19)).

Another noteworthy feature of Figures 4-8 to 4-14, is that as the temperature decreases,
the shape of the curve f@r,. becomes more plateau-like once the deviation fdgybegins.
This phenomenon may be explained by considering that at low tempeiayidgs> 1 andc,,

>>> ¢, , under these conditions Eqg. (3.19) reduces to:

+0Oc
o, =~ kBTln S =
zq O

€

(4.5)

In other words, at low temperatur@s, is independent oP,, a circumstance predicted by the
model and borne out by experiment.

7 n fitting Eq. (3.19) to experimental data, fitting parametfsand©, are adjusted, i.e., the model has tlegrees
of freedom The correlation coefficient, is often corrected to reflect the presence of the fitting paramédrs |
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Figure 4-9. Open-circuit potentia®,,, versus®. . ...(P;) at 750
experimental data (+) for the fuel cell; sensor (---).
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Figure 4-8. Open-circuitpotential,® ., versus®,, .., (P,) at 800 °C, model (—) fitted to
experimental data (+) for the fuel cell; sensor (---).
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Figure 4-10. Open-circuit potentia®,., versus®,,,.. (P;) at 700 °C, model (—) fitted to

700 °C
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experimental data (+) for the fuel cell; sensor (---).
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Figure 4-11. Open-circuit potentiah,., versus®,,..(P,) at 650
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experimental data (+) for the fuel cell; sensor (---).
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600 °C

Figure 4-12. Open-circuit potentia®,., versus®,,, .. (P,) at 600 °C, model (—) fitted to
experimental data (+) for the fuel cell; sensor (---).
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Figure 4-13. Open-circuit potentia®,., versus®,,, .. (P,;) at 550 °C, model (—) fitted to
experimental data (+) for the fuel cell; sensor (---).
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Figure 4-14. Open-circuit potentia®,., versus®,,, .. (P;) at 500 °C, model (—) fitted to
experimental data (+) for the fuel cell; sensor (---).

As Figure 4-15 and Table 4-2. show, at 800 °C the valuks aidD./D,, used to get the
best fits to the data are respectively, larger and smaller than expectéd,arelD /D, obtained
at 800 °C do not concur with the values obtained in section 3.4. This outcome may be explained
in two (complementary) ways. The first examines the impact of the (porous Pt) electrodes on the

Table 4-2. Values df, andD/D,, used to fit the model to experimental data

Temperature K, In K, D/D, r r

(°C) (matm??)

800 1.0x 1072" 165.8 1.1x 10271 0.958 0.929
800 1.4x 1079 182.3 1.4 1.00 1.00
750 1.6x 1078 180.1 1.6 0.999 0.999
700 4.0x 1077 178.7 15 0.996 0.995
650 5.6x 1073 169.8 5.6 0.999 0.998
600 1.0x 1071 163.5 71 0.999 0.998
550 4.5x 1066 153.5 5.7x 103 0.999 0.999
500 4.0x 1085 151.1 1.0x 104 0.999 0.998

Tt K, calculated from thermogravimetric data of Kobaya&slal.[43] in section 3.4.1, Table 3-1.

t1 DJ/D, calculated from Eg. (3.19) using data3ifdickemeieet al.[45, 46]in section 3.4.2, Table 3-2.
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Figure 4-15. Plots of (&, and (b)D/D, versus reciprocal temperatur&, andD/D, values

are those used in fitting the model (Figures 4-8 to 4-14). The dashed lines are for visual
guidance and the straight lines indicate probable slopes without the impact of Pt electrodes,
defect associates [36] and electrode overpotential.

characteristics of the SDC surface as they relat¢, tandDJ/D,. The second examines the
sensitivity ofK, andD/D,, to experimental error.

Electrode Effects. Figure 4-16a shows surface sites where the oxygen exchange can
occur distributed across the surface of the SDC sample in what may be describedhastiadir
states (i.e., before application of the electrodes). When electrodes are introduced, (see Figure 4-
16b) the nature of many of the surface sites changes. At the SDC-Pt-gas interface, (i.e., the
triple-phase boundary) the oxygen exchange reaction is enhanced significantly because, for the
cathodic reaction (i.e., oxygen incorporation), adsorbed oxygen species (from the gas phase) can
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Figure 4-16. Comparison of the SDC-gas and SDC-Pt-gas interfaces showihgrial
oxygen exchange surface sites for SDC in an oxidizing or a reducing gas, &mthdbredand
diminishedoxygen exchange surface sites and triple phase (SDC-Pt-gas) boundaries.

obtain electron(s) readily (in comparison to SDC alone) from the metal phase. Adsorbed oxygen
species are then transferred into a vacant oxygen site on the SDC (the ceramic phase) surface.
This process is reversed for the anodic reaction (i.e., oxygen release) where oxygen atoms leave
oxygen sites in the ceramic phase, release electrons to the metal phase and then react with the gas
phase8. The oxygen exchange reaction is further catalyzed by the platinum, which adsorbs
oxygen (and, potentially, species from the reducing gas) more readily than SDC [40]. The
adsorbed oxygen (cathode reaction) migrates to the triple-phase boundary or even to surface sites
in its neighborhood that benefit from the spreading of electrons across the surface from the triple
phase boundaries (i.e., taehancedurface sites depicted in Figure 4-16b).

As temperature increases the (electrochemical) resistance of the electrodes (to ionic
transport), and therefore the electrode overpotential, decreases. In addition, the electronic
conductivity of the electrolyte increases with temperature, thereby red@giragdt’,,,. Both

8 This is a highly simplified description. The steps for the anodic reaction are very complex and involves several
steps that have not yet been identified without ambiguity. A primary source of uncertainty for the anodic reaction is
the presence (theoretically) of numerous paths for the reaction between fuel and oxygen species [40].
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have an effect on the performance of the SOFC, but the dominance of one over the other is
dependent on the associated activation energies. Further discussion of these effects may be
found in References 36, 40, 50 and 51.

As the temperature lowers, the significance of electrode overpotentials increases and
becomes just as important as the chandé.inin open-circuit(l.,, = 0) conditions the dominant
contributor to the electrode overpotential is slow electrocatalytic (charge transfer) reactions at the
electrodes. At high enough temperatures, the electrocatalytic reactions are fast and the electrode
overpotential can be neglected. This is not true at lower temperatures. As temperatures
decrease, the charge transfer rate at the interface slows causing an accumulation of charged
oxygen species near the reaction sites. The accumulation creates an electric field that slows
down and eventually stops other charged oxygen species from approaching the reaction sites.
Thermodynamically, the material should still be able to reach thermodynamic equilibrium (i.e.,
the charge transfer reactions will take place if given enough time). However, if the reaction
kinetics are slow enough, thermodynamic equilibrium will not be attained. Consequently, the
effective oxygen potential gradient and, therefore,apen-circuitpotential, across the SDC
sample is less than that predicted by thermodynamics.

Where possible, electrodes are designed to minimize the overpotential. The Pt electrodes
on the sensor are specially designed to optimize the performance of the sensor by minimizing the
electrode overpotential. In contrast, our simple porous Pt electrodes have not yet been
optimized. Hence they produce a comparably larger overpotential, in similar conditions, than the
electrodes on the commercial oxygen sensor.

Experimental Errors. The values oK, in Table 4-2 show that the difference between
K, from the data of Kobayashkt al [43] and that calculated from the model, at 800 °C is large.
However, they also show that the corresponding values #r(I0 AG,) are within 10% of each
other. The reason that this is significant is that the actual measured quantities in the experiment
are®qc and temperature arbyc is proportional tdn K, as shown below:

NS = —Akif = _2z\,quq>oc (4.6)

r

Where/(,* IS a unit bearing pre-exponential (made necessary by the definitiQnmEg. (3.14).
Consequently, experimental errors made in the measurememyofare magnified

(exponentially) in the calculation &. Moreover, from error analysis
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Figure 4-17. Open-circuitpotential,® ., versus®,,, .. (P,) at 800 °C without “fitting”. The
model (—) was fitted to experimental data (+) (sensor (---)) for the fuel cell using tredue
obtained from the data of Kobayashial [43] and the correspondirigy/D,, ratio in Table 3-2.

Aerr(ln Kr =In K:) — AerrcDoc + AerrT (47)

InK, —InK’ ® T

oc

where the symbadbe,, indicates the error (Y is the error iry).

For the experimenterr®odPoc (i.€., the fractional error) is between ~0.05 and ~0.1
while Aer T/T lies between ~0.01 and ~0.05. Therefore, the fractional errorkif Im falls in
the range 0.06 to 0.15 (i.e., 6% to 15%). This result shows that, if experimental errors are

included, theK, (or perhaps more appropriatdhyK,) value obtained from Kobayaséi al [43]
is approximately equal to that obtained from dhg experiments outlined above. This argument

is further corroborated by the good fit, Figure 4-17, obtained when the model is applied to
experimental data using ti value from Kobayashet al [43] and the correspondir@ from

Table 3-2.

Finally, there is also the effect of tRg, range in which the experiments were conducted.
The data of Kobayaskit al [43] (at 800 °C) spansR, range from ~1¢"* atm. to ~16°* atm.
while for the same temperature thg experiment spans a range of <10 ~10" atm. In

58



addition, the data of Kobayaséi al [43], in Table 4, shows an increasing trendKprsP,,

decreases. Together, the implication is that had Kobagasti[43] taken data over a larger
range then, perhaps, a higher avendgealue would have been obtained from their data. This
result is substantiated somewhat when the model is applied ¢ ¢hdata using th&, (and the
correspondind/D, ratio) value calculated from the data of Kobayasthal [43] shown in
Figure 4-17. The data point, correspondin@¢e 10*° atm., falls exactly on the modeled curve.

5. BILAYER MODEL

In this section, the bilayer model presented earlier is thoroughly revised and extended to
closed-circuit conditions. Models that we developed elsewhere [36, 52] are used to obtain the
relationship between the thickness ratio of the constituent layers of the SDC\ESB bilayer and (in
open-circuit conditions) the chemical potential drop or @losed-circuit conditions) the
electrical potential drop across either layer. By having such a relationship, the relative thickness
of the SDC and ESB layers may be optimized to maximize total conductivity of the bilayer and
the protection of ESB from decomposition under a range of operating conditions.

5.1 OPEN-CIRCUIT CONDITIONS AND THICKNESS RATIO

Mechanistically, the diffusion of oxygen occurs by oxygen ions jumping from an
occupied site to an adjacent vacant site in the MIECs oxygen sub-lattice. Also, oxygen
vacancies and electrons/holes travel together in an electrically neutral packet (see Figure 3-1), as
discussed earlier in section 3.2. Thus, the fluxes of the various species are related as follows:

2z, jo2 =" jv =Zn je,h (5.1)

wherez, , is the charge equivalence of electrons (-1) or holes (+1).

For the bilayered electrolyte, the flux of any species is the same in both layers, in steady
state conditions. Also, Eq. (5.1) shows that it is necessary to consider the flux of only one
species. Therefore, for a bilayer consisting of &ayer (SDC) and & layer (ESB), we have:

is, =i, (5.2a)

v (5.2b)
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or

Ze,hjge h = Ze hjée h (52C)

where the superscript denotes the layer. At this point two approaches are taken. We have
obtained [36] expressions frbased on Wagner's equation [53] (the "thermodynamic" model)

and the transport equations listed in section 3.1 (the transport model). Both approaches are used
and the results compared below. However, we expect that the expresgiatefored from the
transport equations [36] to be more accurate since fewer assumptions were made in its
development. Nevertheless, the accuracy of both models (transport and thermodynamic) may,
indirectly, be validated by comparing the results of both approaches.

5.1.1 “Thermodynamic” Approach

The oxygen vacancy and electron conductivity ofrtiigpe MIEC, SDC, as a function of
Po,, is given by [36]:

D 11 313
0,(P) = Z L[ 3k IP + (36, (5.3)
B
and
=2 Pe kipifapipt s(rc )]
oe(P)—zécfkTKrP SKIP +(4c,) (5.4)
B

Similarly, the oxygen vacancy and electron-hole conductivity opttygwe MIEC, ESB,
as a function oP,, is given by’ [36, 38]:

(5.5)

L5
o

2 2 1
B

and

9 For Po, <~ 1 atm. the electronic conduction in SDC (and GDC) is n-type [36, 47].

10" For Po, values above its decomposition potential, the electronic conduction in ESB is p-type [36, 38 - 41].
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2 | 1
0,(P)= ZZEZ_?‘ E—KmPf +48C, K, P + Kfﬂp% (5.6)
B

whereK,, is the external equilibrium constant [36, 38] for ESB and the substripefers to
electron-holes. It should also be noted that in applying these formulae to ESB the erbium and
bismuth cations are treated as aliovalent acceptor “dopants” sitting in a fluorite lattice [54].

Wagner’s equation [53] for oxygen flux may be combined with Eq. (5.1) with the result:

Jj. = kT A oy(P)oy(P) dP_ kT & oy(P)or(P) P
% 42921 qpoc;(P)m;(P) P 4%g%° qp. a’(P)+a’(P) P

(5.7a)

which may be rewritten as

[ a5 (P)oy(P) P

_Lio, _L° _Jmoy(P)+oi(P) P

R KGN o7
I8 ob(P)+a(P) P

wherert is defined as the SDC\ESB\§) thickness ratio of the two layers, L is the thickness (i.e.,
length) of a layer and the subscripts “0” and “L” refer to the conditions=a0 (low P, or

fuel/reducing side of the SOFC/electrolyte) and L (high P, or air/oxidizing side of the

SOFCl/electrolyte); the subscridt ‘refers to the interface between the two constituent layers.

The integral in the denominator in Eq. (5.7) exists, but it is very unwieldy. ForKcSB,
> 1019 m*atm:** andc, = 2.2x 10°° m® [36], consequently, in the rangeRy$, (10* atm. to 0.21

atm.) andrl (500 °C to 800 °C) under investigation
8c, >>>K, P
and Egs. (5.5) and (5.6) reduce to
2
o, (P) _3qDBG (5.5b)

2k, T

and
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(5.6b)

With this simplification the denominator in Eq. (5.7) is easily integrated and Eq. (5.7) becomes

O E— O
zZ D Od(P _gz n o (P)-Q\ (P +Q? _gztan_12\/’@(P) -Q B
3 o 2 [ A
(R)= 3 _ °Y (5.7¢)
_ZhDgC s(15\ 3t i B
o D’én%ﬂa (3c8) "KaP %P. 0
where
Q=-40(1c) (1+40)" (5.8)
Z.D
©° = =1 =t (5.9)
z, D,

and, from Eq. (3.15),

P =[P+ e)] 519

5.1.2 “Transport” Approach

From our earlier work [36],,, as derived from the transport model, is given by:

J — DVDe,h gZV B th)( (\:/o B Q|_) + Ze,h(Deh_ I:1/)(-:’A |n Z\2/[1/(:\/,_ + De,hce,rlg
v L E z,B,-2,0, (ZVQ,—ZE’hDeh)2 Z\Z/D/CVD-"De,hCemF

(5.11)

Combining this equation with Eq. (5.1) and rearranging yields
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oedz 24 - 6), a(m-p)e
DD§44§ z,0, (4@ 43)'

ghm-éﬁg
{z-2)(¢ - §), (D~ Agam-4dgé+;©§5

Q+4D§D
4%—494Q+4W€g

n

1(R) = 612
D:D? zIn
A 20-20 @m 38) (2B -z0)z6+ 7 Q&0
where
i, (R)=[3KkR +(3¢) ] 513)
&)=L ]k7 voe) - K g7 (5.14)
W VK 16 k k E ’

and the subscrit= 0,1, L.

5.1.3 Results and Discussion

The results of the model fapen-circuitconditions are summarized in Table 5-1. Table
5-1 shows that there is very close agreement (enough, perhaps, to be indistinct experimentally)
between the “thermodynamic” model—Eq. (5.7c)—and the *“transport” model—Eqg.
(5.12)—qgiving credence to the propriety of both approaches.

In the table, the values fdf, are calculated from the thermogravimetric data of
Kobayashiet al [43] and from fitting Eq. (3.19) to our experimental data (section 4.3). At 500
°C the value ofK, is adjusted slightly to refledt,, = 0.9 for SDC, as obtained by other
researchers [19]. We expect that value wasn't achieved in our experiments due to high electrode
overpotentials from the Pt-paste electrodes. This was discussed in section 4.3.

Similarly, the values foK,, are calculated from Eq. (3.19) using literature values [55 -
57] for t',, (P./Py,) and assuming2,(SDC)= D(ESB) [52] andD(SDC)= D, (ESB) =D,
(therefore®® = 0.89°). In addition,c; = 5x 107’ m?, ¢ =22 x 16" m® P_=0.21 atm. an®, =
10%° atm. in all calculations made in this section. Understandably, there exists some variability
in the literature [19, 55 - 58] for the valtig, and although this variability is small (< 3%) it does
have a significant impact on the predictions of the model.for
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Table 5-1.1t and ASR (L = 1Qum) at 800 °C and 500 °C wpen-circuitconditions.

T K, Kn @SDC(@ESB) tion tion T thermo T*transport ASR"
(°C) (m*atm® (m3atm:*?) (SDC) (ESB) (Qcnr)
800 1'1.0x107% 2.0x10® *#11.5(5.75) 0.80 0.98 17.2 17.8 0.010
800 1'1.0x107% 8.4x10® #11.5(5.75) 0.80 0.96 8.5 8.8 0.010

800 *1.4x10° 2.0x10® *0.35(5.75) 0.75 0.98 18000 24000 0.011
800 *1.4x10° 8.4x10® 0.35(5.75) 0.75 0.96 9100 12000 0.011

500 *4.0x10® 1.0x10® $2570(1285) 0.84 0.99 9.8 9.8 0.12
500 *4.0x10® 9.3x10® $2570(1285) 0.84 0.97 3.2 3.2 0.11
500 5.1x10” 1.0x10® *2570(1285) 0.90 0.99 4.6 4.6 0.12

500 5.1x 10" 9.3x10® $2570(1285) 0.90 0.97 1.53 1.53 0.10
Tt Calculated from thermogravimetric data of Kobayasfl. [43] in section 3.4.1.
T Obtained from fitting Eq. (3.19) to experimental data—see section 4.3 and Table 4-2.
tt ASR, SDC: 0.010cn? at 800 °C; 0.1®cn¥ at 500 °C; ESB: 0.002@c¢n? at 800 °C; 0.048cn? at 500 °C.
1t Calculated from Eq. (3.19) to concur with literature values [55 - 5T fdas discussed in text).

The area-specific resistance (ASR) of the bilayered electrolyte is included in Table 5-1 to
evaluate how low of an ASR is possibleopen-circuitconditions. The total ASR of the bilayer,
(if the cross-sectional area is the same for both layers) is given by:

€ <]
ASR= %—8 +%§ (5.15a)

However, sinca = L&/L% and the total thickness of the bilayers L® + L® = (1 + 1t)L* then

L Ot 10
ASR= —=—+— 5.15b
1+tlb® o®U ( )
For larget (i.e.,1 > ~2 at 800 °C and> ~3 at 500 °C) Eq. (5.15) reduces to

ASR= = (5.15b)
(0)

—i.e., the ASR depends solely on the conductivity of SDC. For snfiadl., T < ~0.02 at 800 °C
andt < ~0.03 at 500 °C) Eq. (5.15) reduces to
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ASR= — (5.15b)

—i.e., the ASR depends solely on the conductivity of ESB.

Using K, calculated from the data of Kobayadtial [43], the optimal (minimum)
thickness ratiot*, to prevent decomposition of the ESB layer—ESB decomposd? for-10°
atm. [55 - 57] at 800 °C—at the SDC-ESB interface, is ~9 or ~18 depending on whgtiser
0.98 or 0.96 for ESB [55 - 57]. Samaria-doped ceria is more electronically conductive than ESB
and so it permeates oxygen more easily. If the layers had the same thickness, the chemical
potential drop would be greater across the nresastivelayer (analogous to an electrical
circuit). Consequently, to increase the chemical potential drop across the SDC layer and offer
protection to the ESB layer requires a thickening of the SDC layer relative to the ESB layer.
Accordingly, if the ESB layer is more permeable (i.e., smdllgr then the chemical potential
drop across it is smaller and a thinner layer of SDC (sm&)lean provide the same protection.
By extension, this suggests that there is a trade-off between having a bilayer that produces near
theoretical open-circuit potential and one that has the highest conductivity (due to the thinner
SDC layer).

At 800 °C the ASR (for L = 1um) of the bilayered electrolyte is approximately equal to
that of a single-layer SDC electrolyte (i.e., the ESB layer has a negligible effect on the ASR of
the bilayer). (At 800 °C, the ASR is 0.0Xlcn? and 0.0024Qcny for SDC and ESB
respectively.) This result is a consequence of the tfighalues necessitated by the oxygen
permeability of SDC and though this result is not ideal, it is still has promise because the ESB
layer blocks conduction of electrons through the bilayer and, thereby should increase the
efficiency of power delivery to an external load compared to SDC alone.

The results obtained using and® calculated from our experimental data for SDC at

800 °C, section 4.3, reflects the difficulties we experienced with the Pt-paste electrodes and
emphasizes the need to separate electrode effects from the measured Wgjui@ ofder to

accurately determine the performance of the electrolyte. Although more reasonalijearide
© values calculated from our experimental data at 500 °C likewise suffer from electrode effects,
in this case evidenced in the lower than expetited

At 500 °C, ESB decomposesht< ~10'® atm. [55 - 57] and* ranges from ~1.5 to ~10
depending on whethéf,, is 0.84 or 0.90 for SDC and 0.98 or 0.96 for ESB [55 - 57]. Again this

value is approximately equal to that of a single-layer SDC electrolyte alone. (At 500 °C, the
ASR is 0.13Qcnr and 0.048cny for SDC and ESB respectively.)
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As Table 5-1 shows, improvement i depends largely on whethet,, for SDC

increases more rapidly thak,, for ESB. Or ifK, (for SDC) reduces more rapidly with
temperature thaK,, (for ESB). The equilibrium constants are related to the free enef§ies,
andAG,, respectively, of the oxygen exchange reaction and temperature as follows:

InK, =In K/ _AG 1
ke T

and

InK,, =In K:n—AGm +
ke T

B

whereK’, andK’,, are unit bearing pre-exponentials. The expressions above show that the
equilibrium constant for the external equilibrium reaction (between the atmosphere and the
material) that occurs more readily (i.e., has a higher free energy) will vary more strongly with
(reciprocal) temperature. SDC is known to react (i.e., incorporate or release oxygen) more
readily with the ambient atmosphere than ESB, because of its ability to produce electrons.
Consequently, it is reasonable to expect that as the temperature is |Bwettdiecrease more
rapidly thanK —and hence',,, will increase more rapidly with declining temperature for SDC
compared to ESB. Therefore, it is reasonable to expect more favourable vattieassahe
temperature decreases.

In either case, the variability of due to the values df’,, K’,, and® (ort',,) result in an
insignificant change in the performance factor, i.e., the ASR, of the bilayer. Thereforetasing
on the most conservative estimateof K',, and® (ort',,) will result in a very low ASR of
~0.01 at 800 °C and an acceptably low ASR of ~0.1 at 500 °C. Either ASR would enable a high
power density SOFC if electrodes with suitable performance (i.e., low overpotential) were found.

5.2 CLOSED-CIRCUIT CONDITIONS AND THICKNESS RATIO

5.2.1 Model

For closed-circuitconditions, the principles and procedure are almost identical to those
described and developed in the preceding sectiorgpfam-circuitconditions. However, there is
one major difference. Specifically, rlosed-circuitconditions, oxygen does not permeate
through the MIEC by ambipolar diffusion, rather oxygen vacancies are transported at a rate
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proportional to the external current. Consequently, it may not be as appropriate to spegk of a
at the interface (nor at any other point in either MIEC layer). Since there is no Idhgeatahe

interface, a new gauge is required to indicate the stability of the ESB layer.

In open-circuitconditions there is an oxygen chemical potential difference across each
layer (equivalent to a difference B,). Inclosed-circuitconditions the oxygen chemical
potential difference still exists betwegr= 0 andx = L, however inside any layer (i.e., for k<
<L) it is replaced by defect chemical potential differences and electrical potential differences.
Additionally, the electric potential is related to the defect concentration (and therefore the defect
chemical potential) [36]. Altogether, this suggests thalosed-circuitconditions, the electric
potential difference across the ESB layer should be a suitable gauge of the stability of ESB at the
SDC-ESB interface.

At 800 °C, and with air on one side, an ESB electrolyte decomposes when the fuel side
Po, < ~10° atm. [55 - 57]. This corresponds to a (Nernst) potential difference of ~0.44 V.

Therefore, if the electrical potential difference across the ESB layer is held below 0.4 V, then the
ESB layer remains stable. Similarly, at 500 °C, with air on one side, an ESB electrolyte,
decomposes when the fuel sidlg < ~10" atm. [55 - 57] corresponding to a (Nernst) potential
difference of ~0.6 V (sinc®_ = 0.21 atm. on the oxidizing side). Therefore, the ESB layer
should remain stable when the electrical potential difference across it is less than 0.6 V.

To obtain an expression fofA@) in closed-circuitconditions, consider thdosed-circuit
defect flux and the spatially varying Galvani potential, which are given by [36]:

_j_v+_je,h :Zv_ze,h :Z\/_Ze,hD(pL_%-'_)(CVo_CVL)

Y (5.16)
DV De,h Ze,h Ze,h )\L
and
jV je,h jv
2y tZn Cton o
o - @z Denpy  ZDBY (5.17)
2(2-2n) ¥ g 4 v
" 3,0y
where,@is potentialf = g/ksT and
A= %n (5.18)



Since the ESB layer is a poor electronic conductor it blocks the flux of electrons and

holes. Additionally, as one moves away fropen-circuitconditions, the electronic flux inside
the MIEC decreases. Hence, Egs. (5.16) and (5.17) reduce to

: : 3 — @+ _
_J_V ~ Z, zehy - Z, Ze,h D(pl— ® )(CVO CVL) (516b)
Dy Ze.n Zen AL
and
Iv Ca
- G, * o, — 5
PR RN VR 1 A0 A . (5.17b)
Zv(zv_ Zs,h) DY c, PR Z,nf c, — 2~
° g0 fy Ty

Combining Egs. (5.1), (5.16b) and (5.17b) yields

2 -7 O v (5.19)
DPY g - —Aal—ex z AQ°)| O
v Zh D AB L ZV d )]

where

AP =qQ - @ (5.20)
and

AP =@ - @ (5.21)
Additionally, by definition [36]

AP =-Np=—q - @) (5.22)

whereA® is the potential across a single layered electrolyte. Thus, for the bilayer one may write
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AP =AD° +AP° =@ -q@)-(@ - ¢)=-2 -2 Y (5.23)

Substituting Eq. (5.23) forAg¢, into Eq. (5.19) yields

b %" ZEDMHAcp . c
Z, D N Cz

T(A¢°) = -

Finally, the external equilibrium constanks andK,—Eqgs. (5.13) and (5.14)—are
functions ofA®E andAdd respectively and are given by [36]:

0 AG =72 AP
K, (AD) = K expm——— =T — 5.25
(B0) = Kexp- == =2 (5.25)
and
— ] D Gm—%(ﬁcDD
K, (A®) =K m€XP — O (5.26)

5.2.2 Results and Discussion

The results of the model foatosed-circuitconditions are summarized in Table 5-2, where
T* is referenced td\® = ®¢y, (i.e., short-circuit conditions, [36] where the voltage drop across
either layer is greatest). The optimal thickness ratio to prevent decomposition of the ESB layer,
in closed-circuitconditions—ESB decomposes fah@® > ~ 0.4 V at 800 °C andA@® >~ 0.6 V
at 500 °C—is a function of the operating conditions. If the internal electronic current (the
leakagecurrent,l,) is small, then external current,) is directly proportional to the internal
ionic current [,). Neglecting the effect of the electrodes,

AD =t D, — | Roaa (5.27)

on

whereR,,q4 IS the resistance of the external circuit. short-circuit conditions, see Figure 5-1,
Ro..¢ = 0 andt',,, = 1 [36] (becausé, = 0). (Under this condition, the internal ionic current is
maximum andb,, =1, x R,..) Therefore, the largest values/b and-Ag occur inshort-circuit
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Table 5-2. t*—with reference taA® = ®y, (short-circuitconditions)—and ASR (L = 1m) at
800 °C and 500 °C inlosed-circuitconditions.

T(°C) K, (m%atm® K, (m3atm?*)  OgpdOksp) ™ ASR' (Qcnr)
800 11.0x 107 2.0x 10%® #11.5(5.75) 0.42 0.005
800 *1.0x 107 8.4x 107 #11.5(5.75) 0.42 0.005
500 *4.0x 10 1.0x 10" #2570(1285) 0.027 0.05
500 *4.0x 10 9.3x 10*® +2570(1285) 0.027 0.05
500 5.1x 10 1.0x 10" +2570(1285) 0.027 0.05
500 5.1x 10 9.3x 10*® +2570(1285) 0.027 0.05

Tt Calculated from thermogravimetric data of Kobayasfal. [43] in section 3.4.1.

T Obtained from fitting Eq. (3.19) to experimental data—see section 4.3 and Table 4-2.

tt ASR, SDC: 0.010cn? at 800 °C; 0.1®cn¥ at 500 °C; ESB: 0.002@c¢n? at 800 °C; 0.048cn? at 500 °C.
1t Calculated from Eq. (3.19) to concur with literature values [55 - 5T fqas discussed in text).

conditions because that is the point at which the external circuit draws the largest current from
the fuel cell—and, is the smallest. In this context; is then the optimal thickness ratio with
respect to short-circuit conditions and at 8001™Cs 0.42 while at 500 °G* = 0.027. Thisisin

stark contrast to the results obtained abovep@n-circuitconditions, Table 5-1. The difference
however is readily explained by considering thatpen-circuitconditions ESB is monesistive

than SDC to the transport (permeation) of oxygen because of the low concentration of electronic
species in ESB.

SOFC

4 ,ionq)th
Rint

o————[ 1] O
Rload
Figure 5-1. Equivalent circuit for SOFC
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In closed-circuitconditions (where the ionic and electronic species are no longer
constrained to travel together) SDC is more resistive than ESB to the transport of oxygen
vacancies because ESB has a higher concentration of oxygen vacancies than SDC. Hence, if the
layers had the same thickness, there would be a larger electrical potential drop across the SDC
layer. So to allow a larger voltage drop (up to 0.4 V at 800 °C or up to 0.6 V at 500 °C) across
the ESB layer, the thickness of the SDC layer must be reduced relative to that of the ESB layer.

Consequently, itlosed-circuitconditions, the total ASR of the bilayer at 800 °C is 45%
of the ASR of a single SDC layer of the same thickness—or approximately twice the ASR of a
single ESB layer of the same thickness. At 500 °C, even better results are obtained where the
total ASR of the bilayer is ~38% of the ASR of a single SDC layer of the same thickness or
approximately equal to the ASR of a single ESB layer of the same thickness.

Table 5-2 also shows that (and therefore the ASR) is essentially independertt pf
(alsoK, andK,). This is a consequence of tleakagecurrent being negligibly small ishort-
circuit conditions—when the electronic current travels through the external circuit and the
electrolyte behaves like a perfect ionic conductgf, € 1)—and because the ESB layer blocks
electronic current.

Short-circuitconditions, provide us with a worst case scenario for a closed-circuit SOFC,
i.e., an SOFC delivering power to a load. However, we are even more interested in the optimal
delivery of that power. Again neglecting the effect of the electrodes,

W: IextA(D:IexI' ¢ _I2

ion™ th ext' Yoad

(5.28)

whereW is the power delivered to the load. Differentiating Eq. (5.28) and setting the result to
zero we are able to find the current at which maximum poWey,, is delivered. Then, by
substituting that expression into Eq. (5.27), we have

AD,,

'max

=1t P, =31 D, (5.29)

ion

Where,ACDWmax is A® for maximum power delivery.

Table 5-3 shows the results of the modeltfand ASR when the bilayer is optimized for
maximum power deIiveryt(’Wmax and ASF\?,\,max respectively). The values &f are omitted from

Table 5-3 since they correspond exactly to those in Table 5-2. At 500 °C the decomposition
potential for ESB (~0.6 V) is greater thAttDWmax (= ®y/2 = 0.37 V), therefore* = 0 and the
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Table 5-3.T*Wmax and ASR (L = 1Qum) at 800 °C and 500 °C glosed-circuitconditions.

T (°C) K, (m°atm?) K., (m3atm:*?) v ASR,__T" (Qcn)
800 1.0x 10 2.0x 107 0.051 0.003
800 *1.0x 10 8.4x 107 0.051 0.003
500 n.a. 1.6x 10® 0 0.048
500 n.a. 9.% 10" 0 0.048

Tt Calculated from thermogravimetric data of Kobayasfl. [43] in section 3.4.1.
T Obtained from fitting Eq. (3.19) to experimental data—see section 4.3 and Table 4-2.
tt ASR, SDC: 0.010cn? at 800 °C; 0.1®cn¥ at 500 °C; ESB: 0.002@c¢n? at 800 °C; 0.048cn? at 500 °C.

ASR is the same as that of an ESB layer. Table 5-3 shows’m%;(x and ASF\?,\,max are

significantly smaller thart* and ASR in Table 5-2, a direct consequence of the reduced
operating voltage needed for maximum power delivery versus maximum current delivery (i.e.,
short-circuit conditions). For maximum power delivery, the ASR of the bilayer is just ~25%
greater than the ASR of a single ESB layer of the same thickness.

5.3. SUMMARY

The feasibility of a bilayered electrolyte consisting of a layer of SDC on the fuel
(reducing side) side and ESB on the air (oxidizing) side of an SOFC has been studied.
Expressly, the feasibility of the bilayered electrolyte depends on the optimization of the thickness
ratio of the layers so that the ESB layer is protected from decomposition in a highly reducing
(low P, ) atmosphere while the ionic conductance of the combination is maximized.

Consequently, it is necessary to obtain a stability criterion for ESB and its functional relationship
toT. It was argued that iopen-circuitconditions it is sufficient to know tH@, at the SDC-ESB

interface while irclosed-circuitconditions it is necessary to know the voltage drdwpP, across
the ESB layer.

In open-circuitconditions, ("thermodynamic” and "transport") models developed for
oxygen flux were used to obtain the functional relationship betweenathe the effectiv®,, at

the SDC-ESB interface. Both approaches produced essentially identical results, which further
substantiates their validity.

Using our best estimates Kf andK,, at 800 °C, the bilayer model showed tinaties
between 9 and 18 iopen-circuitconditions. Irclosed-circuitconditionst* is ~0.4 if the bilayer
is optimized for maximum current delivery and ~0.05 for maximum power delivery. Similarly,
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at 500 °Ct lies between 1.5 and 10 apen-circuitconditions and is ~0.03 iclosed-circuit
conditions and* - 0 at maximum power delivery

Since ESB has a higher ionic conductivity than SDC, a lower ASR for the bilayer is
obtained for the smaller value ofand, for the most efficient delivery of power, one would

prefer the lowest ASR. This implies that an SDC-ESB bilayered SOFC would have the best
performance if it was fabricated witht& based orclosed-circuitconditions—for maximum
delivery of either power or current. This is not a problem since, in principle, a fuel cell is used to
deliver current/power to a load. Moreovepen-circuitconditions in the presence of a reducing

gas can be avoided by purging the gas or to just allow the fuel cell to cool since the
decompositiorP,, for ESB decreases with temperature. The latter solution is attractive because

of its simplicity, however it would have to be carefully implemented since the effdtsivef

the fuel also reduces with temperature.

6. BILAYER: EXPERIMENTAL RESULTS

In this section, initial results of experiments on SOFCs with SDC\ESB bilayered
electrolytes are presented.

6.1 OPEN CIRCUIT VOLTAGE

The open-circuit voltage of an oxygen concentration cell of the type:

Po,, AU/ESB\SDC/PLR.o/cq, (0F By 1, o) (6.1)

was measured as a functionRyf on the anode (fuel) side and temperature and used to calculate
t''.,,- Au paste was coated on the ESB layer for a cathode and Pt paste was coated on the SDC
layer for an anode. Figures 6-1 and 6-2 comgdgreandt',,,, respectively, obtained for single

layer SDC (Eg. (4.1)) and bilayered SDC\ESB (Eq. (6.1)) cells. The SDC\ESB cell showed a
substantial increase b, andt',,,, compared to the single layered, SDC-based SOFC cell. Also,

the ®d . of the SDC\ESB cell was greater than that of SDC at any temperature. This enhancement
in _oc and t'ion, is due to the ability of the ESB layer to block electronic conduction. Thus
further confirming our bilayer concept.
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Figure 6-1. Comparison df,. (hFE/RT) of fuel cells in Egs. (4.1) and (6-1) as a function of (a)
Po, and (b) sensor voltage(); ESB thickness: 1/8n.
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6.2 EFFECT OF RELATIVE THICKNESS ON ®,. AND t';,,

To investigate the effect of relative thickness of bilayered SDC\ESB electrolyteg on

andt',,,, two cells were prepared by depositing ESB layers via PLD on identical SDC substrates.
The thicknesses of the ESB layers (8 and 1.3um) were determined from profilometry and

SEM analysis. Henceforth, each bilayer substrate is identified as SDC\ESB0.8 and SDC\ESB1.3
corresponding to ESB thicknesses of rf and 1.3um respectively. Table 6-1 shows the

relative thickness of SDC\ESB electrolytes, including some of our previous data [59].

Open circuit voltage ant,,of SDC\ESB0.8 and SDC\ESB1.3 cells are shown in Figures
6-3 and 6-4 respectively, as a functionPgf for 500 °C< T < 800 °C. Table 6-2 shows the

values ofP,, at whicht,, falls below 0.9 for SDC and SDC\ESB. Open circuit voltagetapd

of SDC\ESBO0.8 and SDC\ESB1.3 cells show similar results, because the relative thickness of
SDC\ESB layers in the two cells is of the same order of magnitude.

To further explore the effect of the relative thickness of the constituent layers of
SDC\ESB bilayersgp, . andt',,, data from Wachsmaet al [59]—taken for SDC\ESB cells under
identical conditions of (HH,O on the anode side and air on the cathode side)—was included in
the analyses. As shown in Figures 6-5 and 6-6, in the temperature range <stychedlt’
increased significantly as the ESB film thickness increased, approaching ~1 V and ~0.9
respectively for a relative thickness (ESB\SDC) of 0.03. Therefore, the theoretical (Nernst)
voltage and d',,, of unity is achievable with a thicker ESB layer relative to SDC (for a given
total thickness). This again confirms the bilayer concept.

Table 6-1. Relative Thicknesses of SDC\ESB Electrolytes

SDC layer thickness ESB film thickness Relative thickness
Electrolytes

(mm) (Hm) (ESB\SDC)
SDC\ESBO.8 1.601 0.8 5.0 » 10
SDC\ESB1.3 1.756 1.3 7.4 & 10
SDC\ESB30 1.0 30 3.0 o 10?

t: relative thickness from previous results (from Wachsman et al. [59])
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Figure 6-4. Comparison df,, for SDC\ESB0.8 and SDC\ESB1.3 cells (Eqg. (6.1)) as a function
of P02 at (a) 500 and 550 °C, (b) 650 and 700 °C, (c) 750 and 800 °C.

Table 6-2. Oxygen Partial Pressure at whigh= 0.90 for SDC, SDC\ESBO0.8 and SDC\ESB1.3
cells (in Egs. (4.1) and (6-1)).

Temperatures (°C) SDC 0.8SDC\ESB 1.3SDC\ESB
o) (5.0x 10%)’ (7.4% 10%)?
500 ~10t° ~10175
550 ~10 ~1016
600 ~1013° ~101
650 ~103 ~10%45 1045
700 ~10°° ~10° 10t
750 ~10"° ~108 ~1085
800 ~10 ~107 ~107

(*: relative thickness of electrolytes (SDC\ESB)
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